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Introduction 
 
The focus of this Concept Award was to develop methods of generating large dsRNA libraries to silence gene 
expression in cells.  If large dsRNA can be used to effectively silence gene expression, a library could be 
generated from a cancer cell possessing a phenotype of interest, in this case metastasis, and the library 
transfected back into the cancer cells.  Essential genes that are silenced would be toxic and the cells would be 
lost; genes silenced that are not involved in metastasis would not prevent cell migration; only those involved in 
invasion would prevent cell migration and be viable.  The plasmids from these non-migrating cells would be 
isolated and the dsRNA rescued and the sequence determined.  If this strategy is to work, long dsRNA is 
required since the use of siRNA would require a library 10 times as large.  However, large dsRNA has been 
reported to cause the induction of the interferon response leading to cell death and is thought that it would 
result in significant non-specific, off-target silencing.  Thus, the focus of this award was to determine conditions 
that large dsRNAs could be used to silence gene expression without non-specific or toxic side effects; to show 
that the silencing of an endogenous gene with a long dsRNA led to functional outcome; generate a library of 
dsRNAs; and transfect the library and identify novel targets for cell invasion.   
 
 
Body 
 
There were three main tasks associated with this project.  The first was the development of a cell line and 
functional assay for the RNAi library evaluation, with the creation of the plasmid system the first step in this 
process.  In creating the plasmids we spent a fair amount of time analyzing both convergent polII and polIII 
promoter systems.  The polII system was not successful, likely because of promoter interference, thus we used 
a polIII system containing U6 and H1 promoters and incorporating T5 in the at the 3’ end of the polylinker for 
each strand to ensure proper polIII termination of the transcripts.  The efficacy of the large dsRNAs generated 
by this vector and the corresponding off-target and toxicity effects were investigated using the luciferase 
reporter gene construct.  These results were encouraging with good silencing, no induction of the interferon 
response and off-target effects no worse than those seen with siRNA.  This work has been written up and was 
submitted to Nucleic Acids Research last week.  A copy of the submitted manuscript is attached as Appendix 
A.  Another aspect of Task 1 was to complete the development of a cre/lox integration system, this has not yet 
been accomplished.  The last aspect of this Task was the work with the matrigel cell invasion assay, which 
forms the core of Task 2. 
 
The second Task was focused on the generation of dsRNA libraries from highly metastatic cancer cells.  
Initially, we proposed to use the vector system designed above to silence expression of an endogenous gene, 
Her2/neu.  Since c-met is another endogenous receptor, had been demonstrated to play an important role in 
cell invasion and is expressed at high levels in the MDA-MB-231 cell line, we decided to focus on its silencing 
instead of Her2/neu.  Results are presented in the above mentioned attached submitted manuscript.  To 
summarize, silencing using this vector system was very efficient and resulted in an inhibition of cell migration, 
which is extremely encouraging.   
 
While all of the above work suggested that long dsRNA could be used to effectively silence gene expression 
and not course unwarranted side effects, the project bogged down from here and the remaining Tasks were 
not able to be completed.  The main issue is that highly metastatic tumor cells are NOT truly highly metastatic.  
That is, for this selection scheme to work, we needed to select a population of cells wherein 99.99% would 
migrate through a transwell chamber.  This population would have been used to generate and transfect the 
dsRNA library and cells not migrating would be selected.  The following scenario can be used to understand 
the importance of the 99.99% metastatic threshold, using assumptions that favor detection: 
 
Assume transfection efficiency is 100% and that all transfected cells take up only one plasmid; 
Assume the frequency of genes involved in metastasis is extremely high, representing 0.5% of the total cDNA; 
Assume only 1,000,000 cells are needed to cover the entire library statistically; and 
Assume a population of highly metastatic tumor cells is selected wherein 90% migrate. 
 
Thus, 1 million cells would take up a plasmid, of which 5,000 will contain a plasmid involved in cell migration.  
These 5,000 clones would remain in the top of the transwell chamber representing genes that have been 
silenced and the cells can no longer migrate.  However, 100,000 cells containing plasmids not relevant to cell 
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migration would also remain in the upper chamber.  So the background would be 20-fold higher than the 
specific silencing.   
 
In this project we started with a highly metastatic MDA-MB-231 cell line and found that 20% of the population 
actually migrated across the membrane.  We used the migrating population, expanded them and placed them 
back in the transwell chamber but still only 20% migrated.  We carried this out a number of times using various 
chemo attractants but never increased the migrating population to more than 20-30% of the total cell 
population.  In addition, we tried reading cells directly after selection but were also not successful in enriching 
the population.  These studies point out that the majority of highly metastatic cells do not actually migrate and 
thus the above strategy will not work, the background (noise) would be far too high for selection.  Speaking 
with experts on metastases, this turns out to be an expected finding.  They pointed out that even in vivo highly 
metastatic may mean a small percentage of injected tumor cells actually metastasize to other tissues.  Of 
course for human health, any percentage is high, but for the purposes of this selection strategy, the percentage 
is far to low to be feasible.  Thus, will a vector was generated and a long dsRNA to c-met was shown to inhibit 
cell migration, the major goal of the project, to create libraries of large dsRNAs from highly metastatic cells and 
use the libraries to silence gene expression and inhibit migration was not accomplished.  We have recently 
submitted an R21 grant to the NCI to try to secure additional funding to test this system using a complicated 
negative selection strategy.  The submitted grant is attached as Appendix B. 
 
 
Key Research Accomplishments 
 

• Generated dsRNA vector system for production of long dsRNAs 
o Efficient silencing from ¾ test vectors 
o No induction of the interferon cascade 
o Off-target effects somewhat lower than observed with siRNAs 

• Silencing of endogenous gene expression (c-met) using long dsRNAs 
o Efficient silencing, comparable to a reported siRNA 
o Inhibition of cell migration 

 
 
Reported Outcomes 
 

• A vector system for generating long dsRNA (deliverable from Task 1) 
• Inhibition of cell migration with c-met long dsRNA  
• Manuscript submitted to Nucleic Acids Research (Appendix A) 
• Poster Presentations 

o 2005 Era of Hope Conference 
o 2005 and 2006 Barlow Symposium at LSUHSC-S 
o 2005 Northern Louisiana Bio Research Day 

• No degrees were associated with this work although a PhD student worked on the project and is an 
author on the submitted manuscript. 

• A post-doc worked on this project and will continue similar work at another post-doc position at UNC, 
Chapel Hill 

• Personnel supported by this project 
o Tony Giordano, Ph.D., Project Head and Associate Professor 
o Aurel Strat, MD, Scientist and Post-doc 
o Lu Gao, MD, part of his time, PhD student 

• Funding applied for:  R21 Innovative Technology Grant from NCI (Appendix B) 
 
 
Conclusions 
 
The major result from this work was the anticipated yet unexpected finding that long dsRNAs can be used to 
silence gene expression without inducing the interferon cascade or causing significant off-target effects.  This 
finding will allow investigators to more rapidly target gene expression since the efficiency of silencing is 75% 
compared to the 25% reported for siRNAs.  In addition, using long dsRNAs can have important therapeutic 
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consequences in the silencing of viruses since resistance is far less likely to develop through escape of 
silencing.  This is because a single mutation in a siRNA can allow the virus to escape silencing whereas a long 
dsRNA is process into numerous siRNAs intracellularly and thus numerous mutations would be required to 
allow escape.  And for the purposes of this library approach, the ability to use long dsRNAs will provide for a 
means of generating random libraries cellular RNAs possessing the phenotype of interest, requiring far fewer 
clones than a similar library constructed using siRNAs for screening, and requiring no prior sequence 
information of important targets.  The failure with this work was the phenotypic selection strategy but a 
negative selection strategy has now been developed.  The ability to generate long dsRNA libraries can also be 
applied to other phenotypes for which more robust selection strategies are available. 
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Abstract 
 
A number of groups have developed libraries of siRNAs to identify genes through functional genomics.  While 
these studies have validated the approach of making functional RNAi libraries to understand fundamental 
cellular mechanisms, they require information and knowledge of existing sequences since the RNAi sequences 
are generated synthetically.  An alternative strategy would be to create an RNAi library from cDNA.  
Unfortunately, the complexity of such a library of siRNAs would make screening difficult.  To reduce the 
complexity, longer dsRNAs could be used; however, concerns of induction of the interferon response and off-
target effects of long dsRNAs have prevented their use.  As a first step in creating such libraries, long dsRNA 
was expressed in mammalian cells.  The 250-nt dsRNAs were capable of efficiently silencing a luciferase 
reporter gene that was stably transfected in MDA-MB-231 cells without inducing the interferon response or off-
target effects any more than reported for siRNAs.  In addition, a long dsRNA expressed in the same cell line 
was capable of silencing endogenous c-met expression and inhibited cell migration, whereas the dsRNA 
against luciferase had no effect on c-met or cell migration.  The studies suggest that large dsRNA libraries are 
feasible and that functional selection of genes will be possible.  
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 Introduction 
 
A number of different approaches have been advanced to validate the function of genes, including the function 
of a number of genes involved in cancer cell migration and invasion.  The use of RNAi is generally regarded to 
be one of the most promising approaches since, at least in non-mammalian systems, it acts systemically (1), 
thus providing the potential to carry out both in vitro and in vivo target validation.  RNAi was initially described 
in plants, where it was believed to play a key role in protection against viral pathogens (2).  The pathway 
involves a dsRNA of greater than 21 base pairs triggering an RNaseIII-like enzyme now called Dicer (3-5).  
Dicer cleaves long dsRNAs, into small interfering RNAs (siRNAs) of 21-25 base pairs.  These siRNAs then are 
incorporated into a multi-subunit RNA-induced silencing complex (RISC), which acts catalytically to target 
degradation of cellular mRNA in a sequence dependent manner (6, 7).  Given the systemic and catalytic nature 
of RNAi, this class of molecules has been proposed for use both in target identification/validation and the 
development of therapeutics (8, 9).  While the great majority of the target validation studies using RNAi have 
been focused on a specific target, the efficiency of RNAi has led to the recognition that this technology may 
represent an exceptionally strong approach to functional genomics through the creation of RNAi libraries. 
 
Libraries of siRNA molecules targeting a specific gene can be produced synthetically, although new enzymatic 
approaches (10) have reduced the time and costs associated with producing libraries, and allow for the 
selection of the siRNA with the highest level of activity against the target of interest.  Functional RNAi libraries 
have been designed and synthesized to study cytoskeleton organization in Drosophila (11) and are being used 
extensively to study gene function in C. elegans, including the functional analysis of entire chromosomes and 
the full genome (12, 13) but have only recently been described for use in mammalian systems (14).  While the 
above laboratories reported the ability to generate functional libraries of siRNAs against specific targets and 
the ability to generate a complex, 415,000 member siRNA library from an existing cDNA library, they did not 
report that this latter library was functional.  The authors go on to report that they generate on average 34 
unique siRNA clones per kilobase of sequence, a distinct advantage since not all siRNAs are active.  However, 
this also points out the limitations of generating siRNA libraries.  Significantly larger libraries will be required to 
ensure that active siRNAs are present for each transcript.  Other approaches have recently been undertaken to 
develop functional siRNA libraries ranging from ~500 to 8,000 known genes (15, 16).  Plasmids and retroviral 
vectors have also been used to generate libraries of short hairpin RNAs (shRNAs) of similar size to the larger 
siRNA library (17, 18), with which genetic screens have been carried out to identify tumor suppressor genes 
(18-20). Recently, libraries corresponding to most known human and mouse genes have been developed (21).  
Many of these si-and shRNA libraries are commercially available and a database, RNAi Codex has been 
developed to annotate the data generated in the various studies (22).    
 
While the above strategies have demonstrated promise for functional genomic screening, most are based on 
developing libraries using known sequences and when a random library was generated, the complexity was 
significant.  An alternative approach to that taken in generating the random siRNA library (14), would be to 
restriction digest cDNA to generate a library of long dsRNAs.  Long dsRNA libraries have been used to analyze 
gene function in Drosophila (23, 24) but potential off-target effects and induction of the stress response are 
issues for mammalian gene silencing.  Thus, the focus of this study was to analyze the efficiency, selectivity 
and toxicity of long dsRNAs in mammalian cells and to determine if long dsRNAs lead to the desired biological 
response in these cells, as a first step to generate long dsRNA libraries. 
 
Materials and Methods 
Plasmid construction, primers and probes 
For the construction of the vectors containing dual, convergent promoters for expressing dsRNA molecules, 
two different polIII human promoters, U6 from psiSTRIKE-U6 (Promega) and H1 from pSilencer 3.0-H1 
(Ambion), were cloned into pGEM3Z (Promega).  The primers used to PCR these promoters (Invitrogen) were 
designed to contain unique restriction sites at the 5’ and 3’ ends for cloning and a TTTTT stretch in the reverse 
primers to create the polIII termination signal: 
 
                              EcoRI 
U6 F: 5’-GCCATGGAATTCAGAGGGCCTATTTCCCATG-3’  
U6 R: 5’-ATGTAAGAGCTCTTTTTCGGTGTTTCGTCCTTTCCAC-3’  
                               SacI 
 



 

 

                                HindIII 
H1 F: 5’-GCCGCGAAGCTTAATTCATATTTGC-3’  
H1 R: 5’- ATCTAAGGATCCTTTTTCGAGTGGTCTC-3’  
                                BamHI 
 
The firefly luciferase fragments were generated by PCR from pMS110 (Message Pharmaceuticals) using the 
following primer pairs (Invitrogen) and cloned into the KpnI site in pGEM/U6/H1: 
 
Forward primer for 250, 500, and 1,000 base pair regions: 
5’-ATATAAGGTACCATGGAAGACGCCAAAAAC-3’ 
 
Forward primer for 750 base pair region: 
5’-ATATAAGGTACCACTCTCTTCAATTCTTTATGCC-3’  
 
Reverse primer for 250 base pair region: 
5’-ATATAAGGTACCGTTTTCACTGCATACGACG-3’ 
 
Reverse primer for 500 base pair region: 
5’-ATATAAGGTACCGAACGTGTACATCGACTG-3’ 
 
Reverse primer for 750 and 1,000 base pair regions: 
5’-ATATAAGGTACCGCAGATGGAACCTCTTG-3’ 
 
The c-met gene (gb accession number: NM_000245) was targeted with a long dsRNA generated by cloning 
the region  between 3209 – 3330 into the KpnI site of pGEM/U6/H1 vector using the following  primer pair 
(Invitrogen): 
 
Forward: 5' - ATATAAGGTACCCAGAAGATCAGTTTCC - 3' 
Reverse:  5' - ATATAAGGTACCTGCAGTAATGGACTGG- 3’  
 
The following customized primers and probe sets for qRT-PCR plasmid quantification were purchased from 
Applied Biosystems: 
 
Primers 
Forward (U6): 5’- GCTTACCGTAACTTGAAAGTA- 3’ 
Reverse (H1): 5’- CTGGGAAATCACCATAAACGT -3’ 
 
Luc probe:  
5’-CCGGCGCCATTCTATCCGCTGGAAGATGGAACCGCTGGAGAGCAACTGCA-3’ 
 
c-met  probe:  
5’- CAGAAGATCAGTTTCCTAATTCATCTCAGAACGGTTCATGCCGACAAGTG-3’ 
 
Cell culture and transfection 
MDA-MB-231 cells were maintained in DMEM/F12 (1:1), supplemented with 10% FBS, 100 µg/ml penicillin, 
100 µg/ml streptomycin, 40 µg/ml gentamycin, 0.4 mM sodium pyruvate and 2 mM L-glutamine.  Cells were 
transfected with Lipofectamine 2000 according to the manufacturer's recommendations (Invitrogen, Carlsbad, 
CA) in 96 well, 6 well or T75 flasks as necessary for the desired number of cells.   
 
Luciferase experiments 
MDA-MB-231 cells permanently expressing the pMS110 plasmid containing firefly luciferase (MDA-MB-
231/FFLuc) were seeded in 96-well culture plates at 104 cells/well and transfected with Lipofectamine 2000 
according to the manufacturer's recommendations (Invitrogen, Carlsbad, CA). Each well received 45 ng of the 
pGEM/U6/H1/dsRNALuc expression vector. All samples were transfected in triplicate and the experiment was 
performed a minimum of three times. For control transfections, empty vector pGEM/U6/H1 was included. The 
luciferase assays were performed 24 h after transfection using the Bright Glo Luciferase Assay system 

according to the manufacturer’s instructions (Promega, Madison, WI). 



 

 

 
Transwell migration assay 
MDA-MB-231/FFLuc cells were grown in T75 flasks and transfected with the desired dsRNA expression vector. 
Twenty-four hours following  transfection, cells were harvested for the migration assay by trypsinization, 
suspended in DMEM/F12 serum-free and seeded at densities of 2 x 104  or 106 cells per well in 24 or 6 well 
transwell inserts, respectively.  The lower chamber was supplemented with DMEM/F12 medium with 10% 
serum. The upper and lower chambers were separated by a 8 µm pore polycarbonate membrane (Costar, 
Corning, NY) that was coated with 50µL or 500µL of 0.5µg/µL Matrigel (Becton Dickinson). After 48 h of 
incubation at 37 °C, the cells in the bottom well were harvested with trypsin and counted for invasion index 
evaluation (24 well) and RNA or DNA were extraction (6 well) for qRT-PCR and microarray hybridization or 
plasmid partition quantification, respectively. The number of migrating cells was determined by counting a 10-µl 
aliquot using a haemocytometer (Neubauer). For each experiment of invasion index evaluation (invasion index 
= % of cells that migrated from the total number of plated cells), values were normalized to the empty vector 
transfected cells set at 100%.  
 
RNA isolation and quantitative real-time PCR 
Total RNA was extracted with Trizol (Invitrogen) from MDA-MB-231 FFLuc cells 48 hours after transfection 
with either pGEM/U6/H1 or pGEM/U6/H1dsRNAFFLuc. The estimated transcript concentrations of the human 
c-met, GAPDH and firefly luciferase genes were based on the comparison of the target transcript PCR signal in 
dsRNA expression vector transfected cells to the signal measured in an empty vector transfected control. 
Analysis was done using the 2– CT method as described by Livak and Schmittgen (25) for target gene 
transcripts and interpolation from standard curves for absolute quantification of plasmid partitioning. The 
TaqMan PCR system (Applied Biosystems) with a 7700 ABI Detector (Applied Biosystems) was used. cDNA 

was synthesized from 1 µg of the total RNA used in the microarray experiments by use of TaqMan Reverse 
Transcription Reagents (Applied Biosystems). Pre-designed, gene-specific TaqMan probe and primer sets 
(Applied Biosystems), consisting of a specific fluorogenic probe and a pair of oligonucleotides, were used to run 
standard qPCRs for human c-met, GAPDH and firefly luciferase genes. We employed 0.1 ng cDNA for all 
genes and 5µg DNA for plasmid quantification. The reactions were carried out in triplicate in a 50 µl reaction 
volume and a 96-well plate format.  
 
Microarray hybridization 
Total RNA was extracted as described above. Quality of each sample was assessed using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Palo Alto, CA). Biotinylated cRNA was synthesized from total RNA (Enzo, 
Farmingdale, NY). Following processing according to the Affymetrix GeneChip Expression Analysis Technical 
Manual (Affymetrix, Santa Clara, CA), the labeled cRNA was hybridized to Affymetrix U133A GeneChips and 
the resulting expression levels were quantified. Comparative analysis of the two samples was performed with 
the statistical algorithm of MAS 5.0 software (Affymetrix) by scaling at fixed target intensity of 150, a fold 
change of 1.5 (approximate signal log ratio of 0.6) and p value less than 0.01. Comparison results expressed 
as percentage in the study use the fluorescence signal of the targets on the array. 

Statistical analysis 
With the exception of the microarray data, all data were analyzed using the Sigma Plot 8.02 statistical software 
package (SPSS Inc. 2002). All quantitative values were expressed and plotted as mean + SEM. Comparisons 
were evaluated by the unpaired Student’s t-test. A value of  p < 0.01 was considered statistically significant. 
 
 
Results 
To create vectors containing dual, convergent promoters for expressing dsRNA molecules two different polIII 
promoters, U6 and H1, were cloned into pGEM3Z.  The primers used to amplify these promoters were 
designed to contain unique restriction sites at the 5’ and 3’ ends for cloning and a TTTTT stretch in the reverse 
primers to create a strong polIII termination signal.  To test various long dsRNAs, regions of the firefly 
luciferase gene were amplified by PCR and cloned into a KpnI site between the two promoters.  Sequences of 
250, 500, 750 and 1,000 base pairs were tested for their ability to inhibit firefly luciferase activity in a MDA-MB-
231 cell line that stably expressed firefly luciferase.  Each of the constructs were capable of silencing luciferase 
activity 48 hours after transfection with inhibition ranging from 20% for the 500 base pair sequence to 80% for 
the 250 base pair sequence (Figure 1).   
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To analyze whether expression of long dsRNAs had adverse effects on the cell, the stress response and off-
target effects were monitored.  The four constructs were analyzed to determine if expression of long dsRNAs 
led to the induction of interferon βin order to assess their capability to induce the stress response.   The MDA-
MB-231 cells, which had previously shown to possess a functional interferon pathway (26), were demonstrated 
in this study to be β-interferon competent by showing that the cells are permissive and could survive for at least 
72 hours following infection with an oncolytic GFP expressing Sindbis virus strain.  At 48 hours post 
transfection, none of the four constructs led to detection of interferon β(Figure 2).  Since, the 250 base pair 
dsRNA resulted in maximal silencing of luciferase without inducing interferon β, this construct was used to 
analyze off-target effects by expression profiling.  Of 22,283 probe sets on the array, 68 were increased by 1.5-
fold and 189 decreased by the same level 48 hours after transfection of this construct (Supplemental Data).  
Interferon β, 2’-5’ OAS and PKR were found absent, present, and present with no change in the expression 
level when compared to vector alone transfected cells, respectively.      
 
While the above results demonstrate that long dsRNA can effectively inhibit the expression of a transgene in 
MDA-MB-231 cells without inducing the interferon response or strong off-target effects, the ability to silence an 
endogenous gene and generate the expected phenotypic change with long dsRNA must be assessed.  To this 
end, the ability to silence c-met and prevent cell migration was analyzed.  A dsRNA corresponding to the 
region 3209-3300 of the c-met sequence was cloned into the vector described above and transfected into 
MDA-MB-231 cells.  The 250-base pair luciferase silencing construct was independently transfected into this 
cell line and 48 hours after transfection, c-met RNA levels were determined using quantitative RT-PCR.  The c-
met dsRNA construct led to a 60% decrease in c-met RNA levels, whereas the luciferase dsRNA construct did 
not alter c-met RNA levels (Figure 3).  
 
The transiently transfected cells were then tested for their ability to inhibit cell migration using a transwell 
assay.  The ability of expressed long c-met dsRNA to inhibit migration was compared to that of an siRNA that 
had been previously demonstrated to efficiently knock down c-met (27).  As can be seen in Figure 4, both the 
expressed long dsRNA and the siRNA inhibited cell migration by ~40%.  The inability to inhibit cell migration to 
higher levels is likely due to the inefficiency of transfection, such that the cells that still migrate may lack 
plasmid or have significantly less plasmid expressing the dsRNA.  To address this prossibility, the partitioning 
of the plasmids expressing long dsRNA between the migrated and non-migrated cells was quantified using real 
time PCR to determine the abundance of plasmid DNA per unit of total DNA.  Standard curves were generated 
using the plasmids encoding c-met and luciferase dsRNAs to quantify actual plasmid levels from migrating and 
non-migrating cells.  As expected, the luciferase plasmid was found at relatively similar levels in both the 
migrating and non-migrating cell populations, whereas the c-met plasmid strongly partitioned with the non-
migrating population (Figure 5).  
 
In total, these experiments present data that demonstrate (1) the ability to produce long dsRNA and efficiently 
silence gene expression when expressed from a plasmid; (2) the lack of interferon induction following 
transfection and efficient silencing; (3) the ability of a long dsRNA (c-met) to inhibit migration; and, (4) the 
increased partitioning of this plasmid (c-met) with the non-migrating cells since silencing of c-met would be 
expected to lead to prevention of migration.  Similar expression of long dsRNA targeting Arc and NR1 in a 
neuronal cell line have also been carried out and confirm the above observations (data not shown). 
 
Discussion 
 
The above studies demonstrate that long dsRNAs can be used to silence gene expression without inducing the 
stress response or causing significant off-target effects.  One concern with using long dsRNAs randomly 
generated from cDNA libraries and expressed from promoters constructed of two convergent polIII promoters 
is premature termination of the transcript due to the presence of polIII terminators.  A long stretch of thymidine 
nucleotides leads to polIII termination, with a minimum of three necessary but five being optimal (28).  Thus, if 
a terminator was present in either the sense or antisense strand very near to the promoter or if terminators for 
both strands were present adjacent to one another, it would be possible to generate no dsRNA.  It was 
interesting to note that the optimal long dsRNA for silencing luciferase expression was in fact, the shortest of 
the sequences.  However, if the sequence was analyzed for stretches of five thymidine nucleotides in either the 
forward or reverse orientation, the 250 base pair sequence would generate a region of ~235 base pairs of 
dsRNA, whereas the 750 and 1,000 base pair sequences would generate identical ~330 base pairs of dsRNA 
and the 500 base pair sequence would result in a dsRNA of ~80 base pairs, perhaps explaining its poor 
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silencing activity.  These results demostrate that while the existance of polIII terminators may prevent some 
dsRNAs from forming, a stretch of five thymidines should occur on average once every 1,000 base pairs so the 
likelihood that such stretches will occur on opposite strands of a 250 nucleotide base pair digestion product is 
remote. In addition, it is extremely unlikely that if a cDNA was digested to numerous 250 base pair fragments, 
every fragment would contain terminators preventing formation of dsRNAs.  Thus, use of random 250 base 
pair regions should result in effective silencing.   
 
Long dsRNAs are capable of undergoing dicer-mediated processing to siRNAs in mammalian cells resulting in 
the production of numerous siRNAs of 22-23 nucleotides (29).  The presence of numerous fragments against a 
single target has the advantage of allowing the cell to select the most efficient siRNA for target accessibility 
and by producing numerous dsRNAs, can offer better potential therapeutic protection against viral infections by 
making resistance difficult (9). However, there has been a long standing belief that long dsRNAs induce an 
interferon response, beginning with dsRNA viruses induction of a stress response (30-32) and further 
supported when early work comparing long dsRNA to siRNAs was carried out (7).  These studies are often 
cited as rationale for working with siRNAs but other studies have reported that siRNA can also induce an 
interferon response in mammalian cells (33, 34).  Although siRNAs are still the method of choice for silencing 
gene expression, there have been a number of reports in which long dsRNAs have been used in mammalian 
cells and in mammals without signs of toxicity or adverse effects on the animal (35-38).  The lack of interferon 
response associated with long dsRNA in this study was an encouraging first step in the development of 
libraries since long dsRNA would reduce the required complexity and allow processing to numerous siRNAs 
intracellularly enhancing the probability of target acessibility.        
 
A second important consideration when using long dsRNA is the potential for significant off-target silencing.  
One of the proposed strengths of an siRNA is that the 21-23 base pair sequence can be analyzed against the 
genomic database and identical matches can be avoided.  This becomes difficult, if not impossible, when using 
a 250 base pair dsRNA that will be processed into a number of potentially overlapping 21-23 base pair siRNAs 
(29).  One of the real strengths of siRNAs was originally thought to be the exquisite specificity of the 
interaction.  When a reporter gene, GFP, was used as a target to assess silencing ot the reporter expression in 
HEK293 cells, no detectable secondary effects were noted by genomewide expression profiling (39) with a 
similar profiling demonstrating high specificity when the profiles of three endogenous genes were compared 
(40).  The tremendous specificity of the response was also inferred from data generated using siRNAs as 
antiviral treatments – resistant viruses were shown to contain a single nucleotide substitution in the region 
corresponding to the sequence of the siRNA (41).  More recently, this specificity has come into question.  
When a similar expression profiling was carried out using multiple siRNAs against a MAPK14 or IGF1R, there 
were reproducible expression patterns for each siRNA across three experiments but a set of siRNAs against a 
given target found only a few genes regulated similarly for the given target (42).  This was unexpected since 
siRNAs targeting the same gene should result in the same changes in an expression profile.  They also 
reported that the observed off-target effects could not be titrated out using lower concentrations of siRNA and 
that an siRNA targeting luciferase reproducibly silenced other genes in the absence of any sequence similarity.  
An 21 base pair siRNA against luciferase was also found to elicit significant off-target effects, stimulating or 
repressing >1,000 genes (43).  They explained this, at least in part, through the induction of the stress 
response through the PKR pathway.  In light of these latter studies, the several hundred genes identified by 
expression analysis in this study that exhibit an increase or decrease following silencing of luciferase with long 
dsRNA were not unexpected for silencing in general.  From these results, long dsRNAs do not appear to be 
toxic and the non-specific effects are modest when compared to those of siRNAs.    
 
We next tested whether a long dsRNA expressed from a plasmid could not only silence gene expression but 
also to result in a desired phenotypic change.  To analyze this activity we choose to attempt to inhibit cell 
migration as a strategy for targeting cancer metastasis.  The understanding of how a primary tumor cell 
migrates from the initial tumor, disperses throughout the body in the vascular/lymphatic system, invades a new 
site and begins to proliferate and form secondary tumors in not well understood (44), although it is well 
accepted that the mechanisms leading to metastases will represent attractive therapeutic targets (45).  Since 
migration and invasion are key components of cellular metastasis (45, 46), these processes have been well 
studied in cell culture systems and represent an attractive model to look at the functional effects of large 
dsRNAs.   
 



 

 

Recently, an siRNA to c-met has been identified and shown to lead to apoptosis and reduction of tumor growth 
(27). In addition, when c-met was knocked-down using ribozymes, cell invasion and metastasis were inhibited 
both in vitro and in mice (47, 48).  A number of groups are targeting c-met for therapeutic intervention with 
small molecules (49, 50) given its important role in tumor metastasis (51).  For these reasons, c-met was used 
in the present studies as a positive control dsRNA for cell invasion.  When comparing the dsRNA to the 
previously reported siRNA, both inhibited cell migration to an identical level.  To determine whether this 
inhibition was due to the transfection of the plasmid containing the dsRNA for c-met, the migrating and non-
migrating populations of cells were compared.  While a plasmid expressing dsRNA against luciferase was 
found in equal abundance in the two populations of cells, the plasmid expressing dsRNA against c-met was 
enriched almost four-fold in the non-migrating cell population.  This enrichment is consistent with the loss of c-
met function, which should result in inhibition of migration.  Thus, these studies demonstrate the ability to 
silence an endogenous gene and obtain the desired phenotype.  The presence of c-met dsRNA plasmid in the 
migrating population of cells may represent low number of copies per cell resulting in low levels of dsRNA that 
are insufficient to elicit the change in migration or may represent a population of the MDA-MD-231 cells whose 
migration is not dependent on c-met expression.  A further analysis of this population would be required to 
better understand the biological significance of this phenomenon. 
 
Results from these studies have demonstrated the ability of dsRNA to silence endogenous gene expression, 
leading to a biological response, without inducing an interferon response or significant off-target effects.  This 
is the first step in creating functional dsRNA libraries.  By using long dsRNAs, libraries can be generated from 
cells expressing a phenotype of interest and transfected back into the same type of cells to look for loss of 
function.  The dsRNA sequence resulting in loss of function can then be rescued, sequenced and the isolated 
sequence further tested for function.  The use of long dsRNAs also offer promise for development of 
therapeutics, particularly since off-target effects are modest when compared to those found with siRNAs. 
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Figure Legends 
 
Figure 1:  Firefly luciferase gene silencing in transiently transfected MDA MB231 permanently expressing firefly 
luciferase cells with long dsRNA expressed from the pGEM/U6/H1 vector.  Luciferase activity was analyzed 48 
hours following transfection of the vectors expressing dsRNA.  Firefly luciferase activity was used as a read out 
and normalized to vector control.   
p < 0.01( ).  
 
 
Figure 2:  Interferon beta production at 48 hours after transfection in the supernatant of MDA-MB-231 FFLuc 
cells transfected with various dsRNA expression vectors, measured by ELISA (OD = 0.046 cut-off corresponds 
to 0 UI of IFN-beta). 
 
Figure 3:  Cells were transiently transfected with vector alone, a vector expressing 250 base pairs of luciferase 
dsRNA or a vector expressing 121 base pairs of c-met dsRNA using Lipofectamine2000.  48 hours after 
transfection, total RNA was isolated using Trizol and levels of c-met were quantified.  The levels of c-met RNA 
were expressed relative to those found in vector alone transfected cells.   p < 0.01( ).  
 
 
Figure 4:  MDA-MB-231 cells were transiently transfected with either a plasmid encoding c-met long dsRNA or 
c-met siRNA by Lipofectamine 2000.  Twenty-four hours after transfection, cells were added to a transwell 
chamber coated with matrigel, allowed to migrate for 48 hours and the number of cells from the lower 
compartment of the chamber was compared to those transfected with vector alone.  p < 0.01( ).  
 
 
Figure 5:  MDA-MB-231 cells were transiently transfected with a plasmid capable of generating either c-met or 
luciferase long dsRNA.  Following a transient transfection, the cells were placed in a transwell chamber coated 
with matrigel and 48 hours later the migrated and non-migrated populations of cells were isolated.  DNA was 
recovered from each population and the levels of plasmid were analyzed using primers derived from the U6 
and H1 promoters by qPCR using the ABI7700.  p < 0.01( ).  
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Figure 3 
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APPENDIX B 
 
Introduction to Revised Application 
 
 This is a second revision of an application originally submitted in February of 2004 that incorporates most 
of the suggestions made by the reviewers.  Again, I appreciate the reviewers’ comments that this is an 
extremely innovative application and the proposed work is of high significance.  In both the summary and 
individual critiques, the reviewers state that previous comments have been effectively addressed.  In the 
review of the revised application, a number of additional concerns were raised.  A general feeling is that this is 
a high risk but innovative application.  I do agree with this assessment and feel that makes this appropriate for 
this RFA that calls for “Innovative Technologies”, which would seem by definition to call for high risk types of 
proposals.  I believe that even if the main goal of this application is not achieved, that is the identification of 
novel genes involved in metastasis, the technology developed along the way will be innovative and could likely 
play a role in development of additional libraries targeting less complex phenotypes and may be of use in the 
over-all field of gene silencing since successful implementation of the earlier specific aims will result in the 
ability to express large dsRNA.  For these reasons, while I certainly acknowledge that the biology is high-risk, I 
believe the technology advancements are within reach. 
 The first reviewer presents valid concerns around a) the creation of long dsRNA silencing vectors, b) the 
ability to integrate single copies, c) the unpredictability of the interferon response and d) complexity involved in 
the loss of migration.  The reviewer further recommends that more attention should be given to the use of a 
positive control.  I have now added data to Section C that I hope alleviates some of these concerns.  First, in 
response to a) and c), I have added additional data showing the ability of a vector that expresses long dsRNA, 
described in the first revised application, to silence gene expression and also the lack of interferon response in 
cells lines transfected with this vector.  We have also used long dsRNA in another project involving the 
silencing of two different neuronal genes and have been able to select stable cell lines in which each gene is 
silenced.  The ability to derive stable cells lines demonstrates the lack of activation of the interferon pathway 
even over long periods of time.  Since a vector has been developed that allows expression of long dsRNA 
without activating the interferon response in a number of cell lines, Specific Aim 1b has been replaced with a 
new Specific Aim 1c, a back-up strategy for functional assay selection of cell invasion.  Comment b) is 
addressed in Specific Aim 1a where I describe using restriction mapping to ensure single integrants in the 
original cell line.  Also, we have now generated data with c-met dsRNA and its use as a positive control in 
invasion and have incorporated this data in Section C and the use of this construct in the experimental design. 
 The last concern of the first reviewer and the major concern of the third reviewer is likewise both important 
and relevant and, in fact, what I feel is the highest risk associated with this proposal.  As I mentioned above, I 
strongly believe that we are and will overcome the technical, molecular hurdles associated with development of 
this novel phenotypic library selection method.  A major question however is the biology of cell migration.  The 
third reviewer correctly points out that highly invasive may not be sufficiently invasive to reduce the background 
levels and that while this strategy may be successful, only time will tell.  Similarly, the first reviewer states that 
the cell selection strategy may not be sufficiently robust.  Since both reviewers are likely experts in the field of 
migration, these concerns must be taken serious.  However, both seem to say that it might not work and not 
that it won’t be successful.  Thus, in response to both reviewers concerns, I have added the use of c-met 
dsRNA to the original Specific Aim 1c (now 1b) and discussed the need for potential continued rounds of 
selection with enrichment of important genes in each round.  I have also added an alternative strategy as a 
new Specific Aim 1c that relies on negative selection.  While I believe that these represent novel and 
innovative strategies for overcoming the complex biology issues associated with cell invasion, I also believe 
that even if these strategies fail, the libraries produced will have utility for analysis of other cancer phenotypes. 
 All changes in this second revision are identified by italics.  Original revisions in response to the first review 
have been incorporated into the text.  Below is the response (edited to fit page limitations) to the first review for 
the benefit of any new reviewers: 
 I appreciate the reviewers comment that if successful, this will be highly significant and hope to clear up 
some of their concerns, many of them appropriate and important.  Two general comments/criticisms of the 
original proposal are that it was overly ambitious and that the use of expression-based dsRNA (or presumably, 
any RNAi molecule) faces the same challenges that have limited the effectiveness of antisense as a 
therapeutic.  This revised application seeks to answer both of these criticisms by defining the focus much more 
on the validation of novel targets as opposed to the therapeutic potential of RNAi molecules.  As the reviewers 
stated, the development of a bulk RNAi based screen to identify new pathways and mechanisms is itself a 
major achievement and while I had intended for this to be the focus of the original application upon rereading 



 

 

the application I realized that many of the studies were focused on the therapeutic potential of the molecules.  I 
have removed these studies (Specific Aim 4) since the addition of the synergy studies and other therapeutic 
work will be better carried out in a subsequent R33.  The focus of this application will be to develop the 
screening technology and validate the approach by isolating novel genes involved in metastasis.   
 In the summary, the reviewers also state that vector construction is quite complex and may result in self-
silencing.  We have recently constructed the dual polIII vector and will be testing it shortly but have included 
references from others who have successfully worked with dual promoters, which should alleviate some of 
these concerns.  I have hopefully addressed the concern over the interferon response by proposing to create a 
cell line, if necessary, in which interferon expression is silenced.  Doxorubicin has been removed as a control 
for the metastasis assay with the established RNAi molecules used instead, which, I agree with the reviewers, 
is a much better control.  The final comment in the summary actually speaks to the very purpose for carrying 
out this work.  I strongly agree with the reviewers’ comment that the failure of invasion inhibitors may not be 
due to a failure in inhibiting the target but that target inhibition doesn’t result in in vivo efficacy.  This suggests 
that the current targets are not appropriate and would argue for the identification of new targets.   
 In critique 1, the reviewer notes that the 4-6 day silencing using siRNA was not as impressive as that noted 
in some recent publications, which I agree with.  Recent work with novel chemistries by Sirna, Inc. and Alnylam 
has demonstrated stable silencing for up to 30 days.  For therapeutic purposes this is certainly significant and 
important, however, for the purposes of a bulk RNAi screen, vectors must be used so that the RNAi sequence 
can be isolated.  The fact that silencing exists for at least 10 days using vectored dsRNA should provide 
sufficient time to carry out the proposed experiments.   
 This reviewer sites two weaknesses the first, more of a question concerning what has been done and what 
needs to be carried out.  The original vectors used are the property of the company (Nucleonics) and thus must 
be recreated.  Most important, the library work was never attempted as Nucleonics focused its efforts on HBV 
therapeutics.  Thus, while there is preliminary evidence suggesting that this strategy will be successful, the 
library and phenotypic selection remains to be tested.  The second weakness as seen by this reviewer is that 
the studies with the chemotherapeutic agents may be speculative and overly ambitious.  As discussed above, 
these experiments have been eliminated from this revised application.   
 In critique 2, the reviewer is very complementary in that this strategy represents a major step forward to be 
able to do bulk RNAi screening without knowledge of the specific target but seems concerned about the 
ambitiousness and complexity of the proposal, the choice of target and the delivery issues when contemplating 
RNAi as a therapeutic, all of which are very legitimate concerns.  In response to the concern over the 
ambitious, labor-intensive and complicated proposal, I have scaled back on the ambitiousness of the proposal 
by focusing the grant on the screening strategy and not trying to fully characterize the resulting targets.  There 
are still a number of variables, such as optimal promoters, the interferon response and single-integrants that 
must be addressed but to develop a core screening strategy, I believe that these are fundamental issues and 
by eliminating the compound studies, more time can be focused on these parameters.  As for the choice of the 
initial target for developing this platform, I think the reviewer’s primary concern is lack of drugs and not 
necessarily the phenotypic assay which will be used to develop the platform.  As mentioned above, I would 
agree that the lack of drugs in this area is noteworthy but feel that this may be in part due to the lack of the 
appropriate target.  At a minimum, the successful completion of this proposal will result in new targets that can 
be used to screen for drugs and a platform that can be used for isolation of genes involved in other disease 
related processes.  I also appreciate his final comment in the summary section: this is sophisticated molecular 
biology.  As a molecular biologist, I am glad to hear this.  Obviously, he goes on to say that the cell biology 
presented is naïve, which I think is fair.  As the head of research at various organizations, I have not focused 
specifically on any one disease or process.  As a member of the Feist-Weiller Cancer Center (FWCC), I am 
now much more involved in the understanding of cancer biology.  I have recently joined the existing Cancer 
Cell Metastasis Group at the FWCC.  Nonetheless, I have only been focused in this area for one year and 
have thus taken this reviewer’s comment seriously and have asked the Head of Research at the FWCC and 
initiator of the Cancer Cell Metastasis Group, Dr. Jim Cardelli, to serve as an advisor to me on this project.  
Furthermore, as a member of the Group, I will present my results at least once every quarter to the entire 
group. 
 The reviewer asks that the number of stable clones and β-gal expression levels be quantified, which has 
been added to the revised application.  The reviewer is concerned about the use of dual promoters and 
citations have been added to address this issue, see the “Analyze expression systems (i.e., dual polIII 
promoters) using luciferase and Her2/neu” section of Specific Aim 1, along with the actual strategies for 
developing the vectors internally.  His/her comments on the complexity of the interferon response are justified 
and to eliminate this in the present program, interferon itself will be silenced, if necessary, or shorter RNA 



 

 

sequences will be required.  Nevertheless, the response will be studied to determine if we can overcome size 
constraints in generating subsequent libraries for investigation of other phenotypes.  While I agree that this is a 
complex issue, to develop this as a broad platform, the issue needs to be addressed.  I appreciate his 
encouragement of testing the system with Her2/neu.  As mentioned above, I have removed the use of 
doxorubicin for validating the assay and will instead stick with the siRNAs. 
 The reviewer’s comments about the failure of invasion inhibitors have been addressed above but I will 
reiterate that I agree with him 100%.  The lack of successful inhibitors is the result of either poor targets or a 
system too complex to inhibit with a single molecule.  If the former is true, this project will provide new targets 
which may overcome this failure, if not by RNAi, then with traditional small molecules.  I would agree with the 
reviewer that eRNAi against existing targets is unlikely to be successful where small molecules have failed and 
thus the proposal is not to substitute eRNAi for small molecules, rather it is to find new targets amenable to 
regulation by either small molecules or eRNAi.  If the latter is true, and the system is simply to complex to 
address targeting a single molecule, this work will have still significantly impacted on cancer analysis by 
providing an innovative strategy for identifying cancer targets and analyzing pathways.  This strategy could be 
used to better understand other mechanisms involved in cancer onset, progression and drug resistance.  The 
reviewer is very negative about the in vitro chemosynergy studies and these will be removed as the therapeutic 
aspects of this proposal are removed.  This may be one place where I showed my naivete but it was my 
thought that as cancer cells become more metastatic they also become more resistant to cytotoxins which is 
why metastasis is so disastrous.  By preventing metastasis, I rationalized that additional changes in gene 
expression could also be prevented rendering the cells more sensitive to the cytotoxic agents.  I believe that by 
working with the Cell Metastasis Group I will gain a better understanding of these processes and in the 
meantime will rely on advice from Dr. Cardelli.  In any event, these studies have been removed and therapies 
will be addressed in a future R33 application.  And finally, the reviewer comments on lack of publications, other 
than reviews.  Unfortunately, coming from industry, our investors have not encouraged publishing data.  We do 
have a published patent which is cited in the application and based on the research, Nucleonics recently 
closed on a $50M financing.  Unfortunately, I can not directly address this concern. 
 I appreciate the third reviewer’s comments that the identification of the pathways and mechanisms central 
to the process of metastasis and subsequent development of potential therapeutics is highly significant.  While 
I have removed the therapeutic aspects of this proposal, as mentioned earlier, I still believe that RNAi 
represents a good therapeutic strategy and hope to pursue these activities in a subsequent R33 application.   
 I believe that this was a very fair review of the application and that by removing the synergy/therapeutic 
studies as suggested, the overall project is much more focused.  The success of this project will not only result 
in the identification of novel targets for preventing cell metastasis but a general platform for identifying genes 
involved in other cancer related mechanisms and in other diseases.  
 
A.  Specific Aims 

Hormonal therapies, cytotoxic agents and surgeries have been developed which improve survival of cancer 
patients but any given treatment results in only a moderate response rate in terms of absolute mortality, due 
primarily to the invasiveness of the primary tumor.  In addition, these therapies are not particularly selective for 
tumor cells and are thus associated with severe side effects, including increasing risks of other types of cancer 
during hormonal treatment.  Also, cytotoxic agents are of limited utility in the treatment of tumors expressing 
the multi-drug resistant (MDR) gene.  Thus, there remains a tremendous need for new types of therapies and 
an associated need for new, well validated targets to which these therapies can be directed.   
 
The purpose of this R21 application is to develop an innovative technology through the use of RNAi libraries to 
identify novel gene targets involved in cancer cell invasions.  The platform, once developed, could also be 
used to identify genes involved in other attributes of cancer.  Longer term, resulting RNAi molecules would 
further be used as a new therapy for the treatment of cancer.  Specifically, 
 
Aim 1.   Develop stable cell line, expression systems and functional assay for RNAi library evaluation 

a. Create Flp-In plasmids for transfections, transfect and select stable MDA-MB-231 cells  
b. Develop functional assay for cell invasion 
c. Develop a negative-selection assay for cell invasion 

Aim 2. Generate dsRNA library from invasive MDA-MB-231 cell line 
a. Select population of highly invasive cells from matrigel and isolate poly(A)+ mRNA  
b. Generate cDNA library using vector and poly(A)+ mRNA from above 



 

 

Aim 3. Identify novel anti-invasive targets 
a. Transfect library from Aim 2 into stable Flp-In cell lines developed in Aim 1 and select for stable 

recombinants 
b. Isolate non-invasive clones by cell invasion assay 
c. Identify sequences from non-invasive clone 
d. Test RNAi sequences in MDA-MB-231 for prevention of cell invasion 

 
The successful completion of the above Specific Aims will result in the development of a vector system which 
can be used to generate dsRNA libraries for evaluation of functional targets; a dsRNA library from a breast 
cancer cell line that can be used to analyze other functionally important cancer phenotypes and a technology 
to identify genes involved in cell invasion from other types of cancer; and novel, validated therapeutics targets 
for the prevention of breast cancer cell invasion. 
 
The identification of genes involved in cell invasion through the use of RNAi libraries will provide targets that 
are critical for the invasiveness of the cancer but since inhibition of these targets will be non-lethal, should not 
be toxic and therefore be of use in combination with existing therapies.  Also, since the resulting treatments will 
be comprised of RNAi molecules, MDR should not be an issue.  The successful identification and cellular 
validation of such molecules in this application may lead to the development of novel RNAi therapeutics in a 
subsequent R33 application for the treatment of cancer.  For RNAi molecules to be developed as successful 
therapeutics, further advances in in vivo delivery must occur.  This type of work is ongoing at many of the 
biotechnology companies, for example Nucleonics, Benetic and Intradigm.   In addition, the development of 
functional RNAi library silencing will have applications to the study of a variety of different cancer phenotypes.  
The ability to identify, validate and potentially develop therapeutic molecules all from the initial starting material 
(libraries of dsRNA) represents a tremendous advantage of this technology over other functional genomic 
approaches. 
 
B.  Background and Significance 

With the advancement of early detection and treatment strategies, the 5 year-survival rate for breast, 
prostate and many other cancer patients is now at or near 90%i.  For example, the use of gene expression 
array technology has not only allowed for the identification of many genes associated with breast cancer, but 
has also linked their expression pattern to prognosisii,iii.  However, when cancer cells metastasize by migrating 
from the primary tumor and invade other sites, the prognosis is much poorer.  The understanding of how a 
primary tumor cell migrates from the initial tumor, disperses throughout the body in the vascular system, 
invades a new site and begins to proliferate and form secondary tumors in not well understoodiv, although it is 
well accepted that the mechanisms leading to metastases will represent attractive therapeutic targetsv.  Since 
migration and invasion are key components of cellular metastasis5,vi, these processes have been well studied 
in cell culture systems and represent an attractive target for drug discovery. 

For a cell to separate from the tumor and invade another cell mass, the proteins involved in 
extracellular matrix formation must first be altered.  This was confirmed by Gordon et al. who showed that as 
cell lines become more invasive, they display more of a myoepithelial phenotype including changes in many 
extracellular proteins and an increase in matrix metalloprotease-7 (MMP-7), a proteolytic enzyme with broad-
spectrum activityvii.  The increase in expression of enzymes, such as the MMPs, during metastasis is likely to 
be essential in breaking down the extracellular matrices both at the sight of the primary tumor and the site of 
invasion and thus have been well studied. TACE, another metalloprotease was also demonstrated to play a 
key role in promoting migration and invasionviii and an inducer of the MMPs, EMMPRIN, was shown to be 
elevated in multidrug resistant cancer cells, with a corresponding increase in MMP-1, -2, and -9ix.  COX-2, the 
target of thalidomide, a drug approved for the treatment of multiple myeloma and currently in clinical trials for a 
variety of other cancer indicationsx,xi, increased cell invasiveness and MMP-2 levels when transfected into 
colon cancer cellsxii and inhibitors of COX-2 reversed this invasiveness10,xiii.  In addition, cystatin M, a protease 
inhibitor was found to be down-regulated in metastatic cells and its expression was able to block cell migration 
and matrix invasionxiv.  Unfortunately, for all the promise the MMPs have shown in cell and animal models of 
invasion, MMP inhibitors have not faired well in clinical trials, often producing side-effects not seen in 
animalsxv.  Thus, additional targets for the prevention of cell migration and/or invasion will need to be studied 
before other classes of therapeutics can be advanced. 

Other molecular targets previously linked to cancer, such as G-protein coupled receptors6, IL-8xvi, Rho 
Cxvii, the calcium binding protein S100A4xviii, the ErbB receptor family6,xix,xx, thromboxane synthetasexxi, and the 
phosphoinositide 3-kinase/Aktxxii have all recently been shown to be associated with increased cell migration 



 

 

and/or invasiveness.  Molecular profiling by RNA expression arraysxxiii,xxiv and microsattelite instability of cell 
clustersxxv has resulted in the identification of a large number of potential targets associated with cell migration 
and invasion.  However, many of these targets, particularly in the case of the molecular profiling studies, have 
not been validated as good, druggable targets – targets, which when inhibited will prevent cell migration and/or 
invasion but which will not be toxic to normal cells or cause side effects in vivo.  Two recent reports suggests 
that retinoic acidxxvi and parthenolidexxvii, an inhibitor of NF-�B, inhibit cancer cell invasion, however, neither 
retinoic acid nor NF-κB inhibitors have enjoyed tremendous success clinically as anticancer treatments 
although both have been investigated for many yearsxxviii.  Coumarin analogs have also been shown to be 
capable of inhibiting cell invasion in vitro but their mechanism of action is unclearxxix.   

Antisense and short interfering RNAs (siRNAs) have been used to validate the function of numerous 
genes in cancer cell migration and invasion.  Antisense molecules targeting Id-1xxx, inhibitors of DNA binding 
which had previously been shown to be correlated with high invasiveness, prevented MDA-231 invasion in vitro 
and resulted in fewer lung tumors in nude mice.  Cell invasion was also prevented when antisense against 
AKT2xxxi, IGF-R1xxxii and eIF-4exxxiii, other targets that had previously been shown to be upregulated in cancer 
cells were studied.  While encouraging, these studies all required prior knowledge of the target’s role in cell 
migration and/or invasion and are therefore not amenable to the identification of new and perhaps better, 
therapeutic targets for the inhibition of migration and/or invasion.  To identify such target, functional genomic 
approaches must be employed. 

In addition to the gene array approaches21,22 used to identify new targets for cancer cell migration and 
invasion, more recent proteomic strategies have also been employed for the analysis of breast cancer cell 
linesxxxiv and human breast cancer tissuexxxv.  Proteomic approaches offer the advantage that the identified 
targets are actually expressed as proteins but like all genomic approaches, do not answer the question as to 
which of the altered proteins are important to the migration and invasion phenotypes as opposed to those that 
are a consequence of the important changes.  The advent of functional genomics has sought to address the 
cause versus consequence issue by coupling molecular genetics to phenotypic changes.  The earliest 
functional genomic studies involved transfecting an expression cDNA library from a cancer cell line into a non-
cancerous cell and looking for genes allowing for phenotypes associated with cancerxxxvi,xxxvii, such as growth in 
soft agar.  The problem with such studies is that although a gene may be capable of causing a change in 
cellular growth characteristics, such genes are not necessarily those that are actually involved in these 
characteristics in human cancers.  An alternative strategy is to transfect a cDNA expression library from normal 
cells into cancerous cells and look for changes due to the gain in function, such as the expression of a tumor 
suppressor genexxxviii,xxxix.   There is evidence that some tumor suppressor genes are involved in invasive 
potentialxl but since invasion is secondary to tumor formation, it is more likely that loss of function will lead to 
migration and invasion.  In addition, drug discovery efforts have generally been far more productive in 
identifying antagonist than agonist, thus given the evidence discussed above that over-expression of specific 
proteins can play a role in migration and/or invasion, the focus of this program will be on identifying promoters 
of migration and invasion so that antagonist can be developed as therapeutics.  However, the RNAi functional 
library approach described can just as easily be used to identify migration/invasion suppressors by creating 
silencing libraries from invasive cells, transfecting them into non-invasive cells and assaying for gain of 
function. 

Whole animal gene knockout studies have been successfully used to study gene function by 
companies such as Lexicon Genetics (www.lexicongenetics.com) and Deltagen (www.deltagen.com), but for 
the purposes of studying secondary processes such as migration and invasion have not been very successful 
since not only must a tumor form in the animal, but it must also metastasize and it is unlikely that a single gene 
will be responsible for both activities.  Thus, in vitro cell knock out studies represent the best strategy for linking 
the loss of function of a gene in a tumor cell to migration and/or invasion. 

Until recently these studies have involved the use of antisense or ribozyme RNA expression libraries.  
As described above, antisense molecules have been used to successfully study cell migration and invasion30-

33.  The mechanism of action is that through Watson-Crick base-pairing an RNA/DNA hybrid is formed which is 
then degraded by RNaseH.  Libraries of antisense molecules have been used to study tumor suppressionxli 
and Gentrove, a division of ISIS Pharmaceuticals, Inc. (www.isip.com), is wholly focused on validating targets 
and pathways using antisense technology.  Chemistries affecting the stability and delivery of antisense 
molecules have been well studied and optimizedxlii,xliii.  These advances have led to the progression of 
antisense oligonucleotides into clinical trials targeting various cancersxliv,xlv.   However, clinical trials of 
antisense oligonucleotides have been disappointing despite promising preclinical resultsxlvi.  Perhaps the last 
hope for this class of molecules for the treatment of cancer is Genasense, an antisense oligonucleotide 
targeting Bcl-2xlvii,xlviii, which is waiting approval from the FDA for treatment of malignant melanoma.   



 

 

The lack of success of antisense molecules in clinical trials may relate to the fact that stochiometric 
concentrations of molecules are needed to inhibit gene expression since once the oligonucleotide binds to its 
target RNA, both are degraded.  In addition, there are significant off-target effects of these oligonucleotides.  
Since new RNA is being transcribed, delivery of oligonucleotides must be maintained over time at levels 
sufficient to result in its degradation without affecting other targets, representing still another hurdle for their 
use therapeutically.  Ribozymes overcome these limitations in that they are catalytic and specific.  Libraries of 
ribozymes have been generated by inserting random sequences in the variable region of the molecule, 
transfecting the library and observing changes in phenotypexlix,l.  A similar strategy of creating a library of 
hammerhead ribozymes has been used to identify genes involved in a cellular model of invasionli and in 
animals to demonstrate the role of NF-κB in tumor invasionlii.  Unfortunately, similar to antisense, the 
therapeutic promise based on cell culture and animal studies has not been translated to clinical success, with 
one company (Ribozyme Pharmaceuticals, Inc.) abandoning its clinical trials and shifting its research interest 
to siRNA (in fact, the company has now been renamed Sirna) and the other company focused on ribozyme 
therapeutics (Immusol, Inc.) exploiting local rather than systemic diseases.  Like antisense, delivery is a key 
issue, limiting the utility of this class of molecules in the clinic. 

RNAi may yet offer the opportunity to create nucleic acid based therapeutics since, at least in non-
mammalian systems, RNAi acts systemicallyliii.  RNAi was originally described in plants, where it was believed 
to play a key role in protection against viral pathogens.  The pathway involves a dsRNA of greater than 21 
base pairs triggering an RNaseIII-like enzyme called Dicerliv.  Dicer cleaves long dsRNAs, into small interfering 
RNAs (siRNAs) of 21-25 base pairs.  These siRNAs then are incorporated into a multi-subunit RNA-induced 
silencing complex (RISC), which acts catalytically to target degradation of cellular mRNA in a sequence 
dependent mannerlv,lvi.  Given the systemic and catalytic nature of RNAi, this class of molecules has been 
proposed for use both in target identification/validation and the development of therapeuticslvii,lviii. 

Recently, an siRNA to c-met has been identified and shown to lead to apoptosis and reduction of tumor 
growthlix. In addition, when c-met is was knock-down using ribozymes, cell invasion and metastasis were 
inhibited both in vitro and in micelx,lxi.  A number of groups are targeting c-met for therapeutic intervention with 
small moleculeslxii,lxiii given its important role in tumor metastasis reviewed in lxiv.  For these reason, c-met will be 
used in the present studies as a positive control dsRNA for cell invasion. 

Unlike nonmammalian species, long dsRNAs activate the dsRNA dependent protein kinase and 
interferon pathways55,lxv, which can lead to general translational inhibition and apoptosis.  This has led to an 
emphasis on the use of siRNAs.  Libraries of siRNA molecules targeting a specific gene can be produced 
synthetically, although new enzymatic approacheslxvi have reduced the time and costs associated with 
producing libraries, and allow for the selection of the siRNA with the highest level of activity against the target 
of interest.  Functional RNAi libraries have been designed and synthesized to study cytoskeleton organization 
in Drosophilalxvii and are being used extensively to study gene function in C. elegans for review see lxviii but have only 
recently been described for use in mammalian systemslxix.  Blau’s laboratory showed the ability to generate 
functional libraries of siRNAs against specific targets and the ability to generate a complex, 415,000 member 
siRNA library from an existing cDNA library but in the latter example, did not report that this library was 
functional.  The authors go on to point out that they generate on average 34 unique siRNA clones per kilobase 
of sequence, a distinct advantage since not all siRNAs are active.  However, this also points out the limitations 
of generating siRNA libraries.  Significantly larger libraries will be required to ensure that active siRNAs are 
present for each transcript.  Other approaches have recently been undertaken to develop functional siRNA 
libraries.  Bernards’ laboratory constructed a human shRNA library against 7,914 human genes believed to be 
involved in proliferation and upon screening the library identified 1 known and 5 novel modulators of p53-
dependent proliferation arrestlxx.  Shultz’s lab has used a similar approach of creating a library of siRNA 
molecules in plasmids from 8,000 known genes to identify novel genes involved in NF-κB signalinglxxi.  While 
these recent publications have validated the approach of making functional RNAi libraries to understand 
fundamental cellular mechanisms, they both require information and some knowledge of existing sequences 
since the RNAi sequences are generated synthetically.   In addition, by not controlling for the number of 
plasmids taken up by a given cell, off-targeting effects can complicate the interpretation of the datalxxii.  The 
focus of this application is to pursue the use of expressed long inhibitory RNA (eliRNA) libraries for 
identification of gene function by identifying efficient promoter systems, ensuring single copy integration, 
avoiding the interferon response and having a system that can be directly used in animals.  Activation of the 
interferon response by siRNAs has also been describedlxxiii thus this issue may not be unique to long dsRNAs 
and should not present insurmountable problems in developing and using the random library described in this 
application.  By utilizing eliRNA, the cell will select the best siRNA molecule, increasing the complexity of the 
library while reducing the actual number of members needed for evaluation. 



 

 

While the development of such a library will have broad applications for screening genes involved in 
various cancer phenotypes, the focus of this application will be on migration and/or invasion.  Cell migration 
and invasion have been studied using siRNAs against specific targets, validating the role of these targets in 
migration and invasionlxxiv,lxxv,lxxvi.  As described above, a great deal of effort has gone into studies to identify 
small molecules capable of preventing cell invasion and metastasis in vivo.  While the molecules do appear 
capable of inhibiting the activity of their targets, they have not had the desired therapeutic activities.  This 
suggests that additional targets must be identified or that strategies combining different treatment regime 
should be employed.  The alternative, simply giving up on identifying therapeutic inhibitors of 
invasion/metastasis is unacceptable.  The identification and validation of novel genes in this proposal critical to 
this pathway will provide the necessary information for the direct development of new therapies – that is, the 
isolated eliRNA clone, after further in vitro validation, will be used directly in animals and may ultimately 
become the therapeutic molecule.  A number of companies, Sirna (www.sirna.com), Nucleonics 
(www.nucleonicsinc.com), Accuity (www.accuitypharma.com), Benitec (www.benitec.com.au) and Alnylam 
(www.alnylam.com) have anti-viral, macular degeneration and anti-cancer RNAi products moving toward 
clinical development.     
 
C.  Technical Vision/Preliminary Studies 
1.  Technical Vision 

As discussed above, RNAi holds tremendous promise not only for target identification and validation 
but perhaps more importantly, as a new class of therapeutics allowing for the treatment of diseases for which 
current strategies have been unsuccessfullxxvii.  The coupling of identification, validation and discovery should 
shorten the over-all drug discovery process by years, providing for more rapid introduction of new molecules 
into the drug development pipeline.  However, for this process to be fully realized RNAi libraries must be 
screened instead of the current process of individually validating specific targets.  The current approach 
requires some information about the target, thus novel but important targets may be missed.  To accomplish 
this goal, there exist several hurdles which first must be overcome: 
 

• Identification of a promoter system to ensure levels high enough to induce specific silencing 
without eliciting off-target silencing 

• Identification of a system that can be used to generate single copy introduction of the eliRNA 
library for target screening 

• Use of a vector system that can have direct clinical application 
• Generation of a library for which all targets are well represented 
• Use of eliRNAs in mammalian cells without inducing the interferon response 

 
As these hurdles are overcome, a broadly applicable technology will be developed and the parameters 

will be established for using eliRNAs as therapeutics.  Having a system available to generate additional 
libraries will provide a means of rapid target identification and validation for any analyzable phenotype, 
including anchorage-independent growth, isolation of anti-apoptotic proteins when screened in the presence of 
a compound like camptothecin and genes involved in growth regulation, in addition to genes involved in other 
diseases.  A longer-term goal is to generate a system whereby eliRNAs can be used therapeutically.  The 
ability to use long dsRNA would have significant advantages over siRNA, especially in treating viral disorders 
where point mutations in the viral genome may lead to escape from specific siRNAs but are unlikely to be 
tolerated over the length of a long dsRNA.  Long dsRNAs have been used effectively to silence expression in 
mammalian cellslxxviii,lxxix,lxxx, however additional work is required to ensure that routine use can be carried out in 
the absence of activation of the interferon pathway.  For this to be realized, significant advances in delivery 
must be made, a problem which is being addressed by many of the companies mentioned above. 

For this particular R21 application, the key milestone is that by developing this technology, eliRNAs can 
be identified that play a critical role in migration and/or invasion.  By demonstrating efficacy of this approach in 
identifying new targets involved in invasion and metastasis, this platform could be used to screen for any 
functional effect and is not limited to known sequences as are current RNAi library strategies64,65.  Future 
studies will include the thorough evaluation of the activity of these eliRNAs against a number of breast cancer 
and normal tissue cell lines and once activity is demonstrated, combined with a lack of toxicity, including the 
lack of induction of an interferon response, in all cell lines, the isolated eliRNA molecules will be well-positioned 
for testing in animal efficacy models. If the development of delivery systems for in vivo expression of RNAi 
molecules advances as expected, those that demonstrate activity, can be further developed through 



 

 

preclinical.  These cellular and animal efficacy studies and potential preclinical development work is projected 
to be carried out under a subsequent R33 application.   
 
The expected outcome of this work would include: 
 

• Development of an RNAi library target identification/validation technology 
• The identification of novel therapeutic targets involved in cancer cell migration and/or invasion 
 
Even in the absence of therapeutic development of eliRNAs, the proposed technology will provide for the 

rapid identification and validation of new anti-cancer targets.  Once fully validated, these targets can be used in 
classical small molecule drug discovery efforts.  As discussed above, the lack of effective therapeutics against 
existing targets requires a broader, non-biased screening approach to continue in the search for good 
therapies.   
 
2.  Preliminary Studies 

Prior Experience of the Principal Investigator 
The Principal Investigator on this application, Dr. Tony Giordano, has significant experience in the construction 
of cDNA libraries and the cloning of cDNAs, including EF-Iαlxxxi, cytochrome oxidase IIlxxxii, pituitary glycoprotein 
hormonelxxxiii, nicotinic acetycholine receptorslxxxiv,lxxxv and glutamate receptorslxxxvi.  In the course of these 
studies, he has worked with phage, plasmid and cosmid libraries and has used transfection techniques 
including calcium phosphate, electroporation and liposome mediated strategies to create stable cell lines. 

As head of research at Message Pharmaceuticals, Dr. Giordano oversaw the growth of four drug 
discovery programs, including an anti-Her2 program.  Each of these programs involved identifying novel post-
transcriptionally regulated RNA targets, setting up small molecule screens and validating compounds identified 
through the screening program.   At the time he left Message, his research programs were involved with two 
corporate collaborations, molecules from three programs were entering animal studies and positive data was 
available from its antibacterial program against resistant staph. During the time he was at Message, he was an 
inventor on 10 patents, 5 of which have been granted or issued.   

Dr. Giordano left Message to co-found Nucleonics, Inc. where he served as the President of the 
Company and was an inventor on one of the Company’s key patents69.  While heading up the company, 
Nucleonics focused on validating the use of long dsRNA for target validation.  Initial work focused on 
overcoming the stress response. 

As discussed above, mRNAs related in sequence to the dsRNAs are targeted for degradation. Long 
dsRNAs are processed intracellular to form siRNAs.  Although long dsRNAs have distinct advantages, 
including better efficiency and efficacy, their link to the interferon response has limited their use in mammalian 
systemslxxxvii,lxxxviii.  A number of parameters can lead to the induction of the interferon response, including 
structure, concentration and method of delivery of the dsRNAlxxxix,xc,xci.    The initial objective at Nucleonics was 
to identify method(s) by which long dsRNA could be used to efficiently induce PTGS in mammals without 
invoking the Type I interferon stress response pathway.    

Preliminary analysis using the STAT activation assay with human rhabdomyosarcoma (RD) cells, 
demonstrated that they possessed a functional type I interferon pathway (Figure 1).   These cells were then 
used to analyze the induction of interferon by different delivery systems and different dsRNAs.  

 
Figure 1: Human rhabdomyosarcoma (RD) cells are type 1 interferon responsive. RD cells 
were cultured to confluency in DMEM supplemented with 10%FCS. The medium was 
removed and replaced with DMEM containing different amounts of recombinant human 
IFN-α as indicated and incubated at 37 oC for 15 minutes. Nuclear extracts were prepared 
and 5 μg of each nuclear extract was incubated with 32P-labeled SIE probe (contains 
consensus binding site for activated STAT 1 and STAT 3), and the reaction fractionated by 
polyacrylamide gel electrophoresis. The gel was then dried on a Whatmann filter and 
exposed to a Kodak phospho-storage screen and analyzed by Quantity OneTM  (Bio-Rad). 
The arrow indicates the gel shifted SIE probe. Supershift analysis demonstrated that this 
gel-shifted complex contains STAT 1 (data not shown). Lane 1: control, no interferon 
added; lanes 2-5: represent IFN-α stimulation at 50u/ml, 250u/ml, 1250 u/ml and 6250u/ml 
respectively. These results demonstrate the ability of RD cells to activate STAT in response 
to IFN-α stimulation. Similar results were obtained for beta-interferon stimulation (data not 
shown). 

 



 

 

Various types of RNA delivered to/expressed in rhabdomyosarcoma (RD) cells were assayed for their 
ability to induce/activate key components of the Type 1 interferon response. Briefly, poly (I)(C) RNA, in vitro 
transcribed dsRNA of 600bp and in vitro transcribed ssRNA of 600bp were delivered to RD cells as naked 
RNAs or as complexes comprised of cationic lipids. siRNAs were also delivered to cells as cationic lipid/RNA 
complexes.  In the particular experiments presented here, the cationic liposome, lipofectamine (Invitrogen), 
was used.  RNA/cationic lipid complexes were all made using identical charge:charge ratios. dsRNA was also 
expressed intracellularly using the T7 RNA polymerase expression system.  

The following parameters of the Type 1 interferon response were monitored following 
delivery/expression of RNA to/in RD cells: alpha/beta interferon production, 2’5’-OAS mRNA induction and 
PKR and 2’5’-OAS activation. Cytotoxicity was also evaluated through the use of an apoptotic nuclear staining 
assay (TdT FragEL, DNA Fragmentation Detection Kit, In Situ Apoptosis Assay from Oncogene (Boston, MA)), 
the measurement of antiproliferative responses and the visual recording of cytopathic effect.  For interferon 
analysis, supernatants were removed from RNA stimulated and control cells at various times points. Interferon-
alpha and beta were measured using the human interferon-alpha ELISA kit from Endogen (Rockford, IL) and 
the human interferon-beta ELISA kit from RD1 (Flanders, NJ) according to manufacturer’s directions. The 
detection of mRNAs encoding the p69 human 2',5'-oligoadenylate synthetase was performed by reverse 
transcriptase PCR using the Titan One Tube Reverse transcriptase PCR Kit (Roche Biochemicals, Nutley, NJ) 
according to the manufacturer’s directions. Primers and conditions for the p69 encoding mRNA were as in 
Hovnanian et al. PKR activation was monitored by measuring the ratios of phosphorylated to non-
phosphorylated eIF2alpha using Western blot analysis and antibodies specific for phosphorylated eIF2a and 
non-phosphorylated eIF2a. Measurements were made at various time points over 24 hours following RNA 
stimulation.  Since activation of PKR was found to peak at different times (dependent on the RNA delivered), 
and since the ratio of phosphorylated to unphosphorylated eIF2alpha changes (in control cells) over 24 hours, 
each sample was compared to the appropriate time point control and expressed as fold over control.  2’5’OAS 
activation was monitored using a ribosomal fragmentation assay.  Figure 2 summarizes the data from these 
experiments. No interferon alpha was induced by any of the treatments, while similar levels of beta-interferon 
were made by cells exposed to cationic lipid complexes containing poly(I)(C), and in vitro transcribed dsRNA 
(600bp) or ssRNA (600nts). The presence of beta-interferon was correlated with 2’5’ OAS mRNA induction, 
however activation of 2’5’ OAS was only seen in cells exposed to those complexes containing either poly(I)(C) 
or dsRNA. In conclusion, cytoplasmic expression of dsRNA was the only method tested found to completely 
avoid induction/activation of the RNA stress response pathway as measured by the parameters that were 
studied. 
 

 
 
 
Figure 2: Summary of RNA stress response studies in RD 
cells. Following RNA administration/expression as 
described in text, RD cells were assayed for various 
components associated with a type I interferon response. 
The symbols are as follows:      + (detectable response), -
(no detectable response) and ND (not determined). The 
relative levels of cytotoxicity are indicated by the number 
of + symbols, for example cationic lipid complexes 
containing poly(I)(C) were more cytotoxic than those 
complexes containing in vitro transcribed dsRNA. Peak 
eIF2alpha-phosphorylated levels are designated as fold 
over control cell levels of phosphorylated eIF2alpha. 
 
 
 

Once the ability to delivery and express long dsRNAs without inducing the stress response in 
mammalian cells was demonstrated, a comparison of efficacy of long versus short dsRNA was carried out.  
The effectiveness and persistence with which siRNA and cytoplasmically expressed long RNA can induce 
gene-specific silencing was compared in a transient SEAP (secreted human placental alkaline phosphatase) 
expression system. RD cells transiently expressing SEAP were transfected either with one of three different 
SEAP-specific siRNAs or with a T7 RNA polymerase expression plasmid in conjunction with a SEAP-specific 
dsRNA expression. As an internal control for silencing specificity, the cells used in these studies also 
transiently expressed secreted murine IL-12. Media collected from transfected cells at multiple time points 



 

 

post-transfection was assayed for both SEAP and IL-12. SEAP expression levels were normalized to IL-12 
levels.   
 

 
 
Figure 3: Comparison of SEAP specific siRNAs and 
intracellular expression of long SEAP specific dsRNA.   RD 
cells were transfected with pHCMV-SEAP and pHCMV muIL-
12 and co- transfected with 5 μg of three different siRNAs.  
Alternatively, cells were co-transfected with a SEAP dsRNA 
expression vector and a T7 RNA polymerase expression vector. 
The total amount of nucleic acid was held constant at 5 ug per 
transfection, using an inert filler DNA where needed. SEAP 
levels were measured in the media 3 days post-transfection.   
 
 
 
 

The three different siRNAs evaluated in this study were found to have different efficacies with respect to 
their ability to silence SEAP expression. siRNA #1 was  the  most potent,  inhibiting  SEAP expression by 
about 80% for two days.  At a lower dose of this siRNA was less effective and maximal inhibition of SEAP 
expression was observed for only one day. siRNA #2 was moderately effective when given in  the  highest  
dose, resulting in 70% inhibition of SEAP that lasted for one day. When given at the lower dose, this siRNA 
resulted in a 40% inhibition of SEAP expression that persisted for two days.  The  least potent of the siRNAs, 
siRNA #3, resulted in a short-lived 55%  inhibition  when  the  siRNA was  administered  at  the  highest  dose, 
that was completely abolished by day 3.  SEAP activity on day is shown in Figure 3.  All siRNA-mediated 
inhibition was lost between days four and six in these studies.  In contrast, the use of the T7 cytoplasmic 
transcription system to generate long dsRNA in the cytoplasm of transfected cells was found to induce an 85% 
inhibition of SEAP expression that persisted for the length of the experiment, ten days. A dose response 
experiment in which different amounts of the best siRNA (#1) and the expression vector were transfected into 
RD cells and SEAP levels were monitored over six days was carried out (Figure 4). As described above, the 
silencing effect generated by the siRNA was transient and the maximal effect is dependent on the 
concentration of the siRNA molecule added to the culture.  However, even at high concentrations, the level of 
silencing is less than that observed for the eliRNA.  A control dsRNA expression vector encoding an irrelevant 
dsRNA had no effect on SEAP expression.  The observed long-lived silencing response in this experiment is 
consistent with the continued expression of dsRNA that this expression system affords.   

 

 
 
 
 
 
Figure 4:  Dose response to increasing amounts of 
transfected (0.2, 1 or 5 ug) siRNA #1 or the SEAP dsRNA 
expression vector (vectored or eliRNA).  SEAP was 
measured in the media of transfected cells at 48, 72 and 89 
hours post-transfection.  
 

 
After Dr. Giordano left the Company, Nucleonics shifted focus to anti-viral drug discovery and is no 

longer working in the target identification/validation area.  However, this early work provides for the basis of the 
present application. 
 
Prior Experience of the Research Scientist 

Dr. Tada Utsuki received his post-doctoral training at the School of Medicine in Johns Hopkins 
University (Baltimore, MD) and the Drug Design & Development Section of the National Institute on Aging 
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(NIA), National Institutes of Health (NIH).   His research focused on the functions of therapeutic drugs for the 
treatment of neurodegenerative diseases (e.g., brain tumor, Alzheimer’s disease (AD).    His work contributed 
to the discovery and characterization of a compound currently in Phase III clinical trials. 
 In September 2000, Dr. Utsuki joined Message Pharmaceuticals (Malvern, PA) as a scientist to 
investigate the discovery of small molecules targeting post-transcriptional regulation of the amyloid precursor 
protein as potential AD therapeutic.   He is named as a co-inventor on two U.S. patent applications related to 
novel therapeutic drugs for AD based on this work.   In 2002, Dr. Utsuki extended his interest in post-
transcriptional gene regulation and drug discovery to RNAi and took a position with Nucleonics, Inc.   
 At Nucleonics, his research focused on the application and characterization of RNAi activity in vivo by 
dsRNA derived from DNA vectors.  Dr. Utsuki was responsible for carrying out studies in mice with the goal of 
developing an RNAi-based therapeutic.  His initial work focused on silencing endogenous creatine kinase gene 
expression by intramuscular injection of a plasmid expressing dsRNA to creatine kinase.  The plasmid 
expressing creatine kinase dsRNA lowered creatine kinase levels by more than 80% in the muscle compared 
to vehicle (Figure 5).      

 
 
Figure 5:  Effects of dsRNA in vivo   300 base pairs of the gene encoding 
creatine kinase was cloned downstream of a U6 promoter in the sense and 
antisense orientation in DNA plasmids.  10 μg in 100 μl of each plasmid 
prepared, formulated with physiological solvent (30 mM sodium citrate, 150 
mM sodium chloride, 0.1%w/v EDTA) and injected intramuscularly in the left 
thigh of mice.  100 μl of vehicle was injected in right thigh of the same mouse 
as a control.   The animals were sacrificed with CO2 asphyxiation at the stated 
period (day 0, 4, 8 and 15) and muscle tissues were collected to examine 
various biochemical markers.  Creatine kinase activities in mouse muscle were 
determined using the CK-NAC (UV) kit (Sigma) and normalized to control 
levels.   
 
 
 

Recent Work Completed at LSUHSC-S 
To create vectors containing dual, convergent  promoters for expressing dsRNA molecules two different polIII 
promoters, U6 and H1, were cloned into pGEM.  The scheme below was developed to create the construct.  
The primers used to PCR these promoters were designed to contain unique restriction sites at the 5’ and 3’ 
ends for cloning and a TTTTT stretch in the reverse primers to create the polIII termination signal: 
 
         EcoRI 
U6 F: 5’GCCATGGAATTCAGAGGGCCTATTTCCCATG (Tm:63.8) 
U6 R: 5’ATGTAAGAGCTCTTTTTCGGTGTTTCGTCCTTT CCAC (Tm:63.6) 
                    SacI 
 
                               HindIII 
H1 F: 5’ GCCGCGAAGCTTAATTCATATTTGC (Tm:57.4) 
H1 R: 5’ ATCTAAGGATCCTTTTTCGAGTGGTCTC (Tm:57.8) 
                                 BamHI 
 
The polIII dual promoter construct has been confirmed by restriction analysis and is currently being sequenced.  
Following sequence confirmation, the following luciferase fragments will be cloned into the KpnI site in 
pGEM/U6/H1 
 
FF 1-1000 F: 5’ATATAAGGTACCATGGAAGACGCCAAAAAC(Tm:58.8) 
FF 1-1000 R: 5’ATATAAGGTACCGCAGATGGAACCTCTTG(Tm:59.4) 
FF 1-250 R:5’ATATAAGGTACCGTTTTCACTGCATACGACG(Tm:59.7) 
FF 250-500 F:5’ATATAAGGTACCACTCTCTTCAATTCTTTATGCC (Tm:57.9) 
FF 250-500 R:5’ATATAAGGTACCGAACGTGTACATCGACTG(Tm:59.1) 
FF 500-750 F:5’ATATAAGGTACCCGTCACATCTCATCTACCTC(Tm:59.7) 
FF 500-750 R:5’ATATAAGGTACCGTAAACATTCCAAAACCGTG(Tm:58.6) 
FF 750-1000 F: 5’ATATAAGGTACCACTACACTCGGATATTTGATATG(Tm:57.2) 
 

0

50

100

150

0 4 8 15

Control U6 dsMCK

M
C

K
 a

ct
iv

ity
 (%

 o
f c

on
tro

l)

Days after Injection

0

50

100

150

0 4 8 15

Control U6 dsMCK

M
C

K
 a

ct
iv

ity
 (%

 o
f c

on
tro

l)

Days after Injection



 

 

 
 

This will allow for the cloning of 250, 500, 750 and 1,000 bp regions to determine size limitations along 
with multiple 250 bp sequences from different parts of the gene to identify whether different regions have 
different efficiency of silencing as described for siRNA.  Each of these constructs will be tested against a FaDu 
cell line which has been generated in the laboratory to stably express firefly luciferase (10,000 units from 104 
cells).  As a positive control siRNAs obtained from Dharmacon and an shRNA generated using the original 
pSTRIKE plasmid and the Dharmacon siRNA sequence will be utilized. 
 
Complexity of Cell Invasion and Rationale for Creation of dsRNA Libraries 

To get a better understanding of the genes involved in cell invasion, a gene array analysis was carried 
out.  MDA-MB-231 cells were placed in a Trans-well chamber and 10% fetal bovine serum was added to the 
bottom chamber as a chemo-attractant.  Twenty-four hours later, cells were recovered from the top and bottom 
of the chamber and total RNA was isolated from each population and analyzed on Affymetrix Human Array 
133A chips.  A pairwise analysis of genes involved in cell migration identified 43 genes that were increased in 
the migrated cell population and 53 genes that were decreased (Figure 6). 
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Figure 6:  Pairwise analysis of genes involved in cell migration differentially expressed in MDA MB 231 invasive /non invasive.   
 

Of those genes that are unique to one of the populations, 90% are specific to the invasive cells.  These 
genes would represent good targets for silencing since they were not found in the population of cells that did 
not migrate and are thus potentially associated with cell migration but are not essential.  However, it is likely 
that many of these genes are simply a consequence of migration and thus not necessarily functionally 
important.  Interestingly, one gene known to be involved in invasion and of interest to us, c-met, was increased 
by close to 2-fold in the invasive cells.  A limitation with this genomic approach is that changes in gene 
expression do not always correlate with changes in protein expression due to post-transcriptional regulation, 
particular differential protein synthesis.  Thus, while some information may be gained by such an approach, it 
does not alleviate the need for functional assays.    
 
Luciferase Inhibition and Lack of Interferon Induction by pGem/U6/H1 driven dsRNA   

The dual polIII convergent promoter vector described above was used to determine the efficiency of 
silencing gene expression using long dsRNA cloned into an expression vector.  Interferon induction was also 
monitored.  
 

  
 
 
 
Figure 7. Firefly luciferase gene silencing in transiently 
transfected MDA MB231 cells with long dsRNA expressed from 
pGem/U6/H1 vector.  The pU6H1 vectors above were co-
transfected with pMS110 (luciferase driven by a RSV promoter) 
and luciferase activity was analyzed 48 hours later.  Firefly 
luciferase activity was used as a read out and normalized to 
vector control.   
 
 
 
 
 
 

Insertion of various fragment sizes of luciferase ranging from 250 to 1,000 base pairs resulted in the 
differential silencing of luciferase expression ranging from no silencing to 80% inhibition of luciferase activity 
(Figure 7).  To determine whether these vectors induced an interferon response in MDA-MB-231 cells, 
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interferon beta activity was assayed.  The results of this analysis, shown below, demonstrate a lack of 
interferon induction 48 hours after transfection at time at which efficient silencing has been observed. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A similar construct was used to silence two endogenous genes, arc and NR1, in the PC12 cells.  As in 
the above experiments, the 200+ nt dsRNAs each silenced their respective gene expression by 80% as 
analyzed by real-time PCR.  In addition, a stable population and stable clones have been generated, further 
illustrating the lack of interferon activation, even with prolonged expression of dsRNA. 
 
Preliminary Analysis of the Use of dsRNA in Cell Migration Assays 

To analyze the ability of dsRNA for use in cell migration assays, a 250-bp insert of the c-met gene was 
cloned into the above dsRNA vector.  C-met had previously been demonstrated to be involved in cell migration 
(see background section) and was found to be enriched by almost 2-fold in the population of migrating MD-
MBA-231 cells from gene array data presented above.  MDA-MB-231 cells that had previously been stably 
transfected with firefly luciferase were then transiently transfected with either a plasmid capable of producing 
dsRNA to c-met or to luciferase.  Both transfections inhibited the targeted gene by greater than 50% (Figure 8). 

 
 
Figure 8.  Cells were transiently transfected 
using Lipofectamine2000.  48 hours after 
transfection, total RNA was isolated using 
Trizol and levels of c-met and luciferase 
were quantified.  For each experiment a 
vector without insert was used as a control.. 
 
 
 
 
 

The transiently transfected cells were then tested for their ability to inhibit cell migration using the 
transwell assay.  The ability of expressed long c-met dsRNA to inhibit migration was compared to that of an 
siRNA that had been previously demonstrated to inhibit cell migration.  As can be seen in Figure 9, both the 
expressed long dsRNA and the siRNA inhibited cell migration by ~40%.   
 
 
 
 
 

MDA MD 231 FFLuc (MS110) 48h
AVERAGE STDEV IFN-beta 

lipofectamine 0.25uL 0.044 0.036 0.04022219 0.0056295 -7.01341
pU6H1 45ng 0.046 0.040 0.04303695 0.0040903 -6.52811
pU6H1[1-250bp]1B 45ng 0.042 0.041 0.04130019 0.0002934 -6.82755
pU6H1[500-750bp]3B 45ng 0.045 0.043 0.04406913 0.0011551 -6.35015
pU6H1[1-500bp]4C 45ng 0.045 0.040 0.04235661 0.003244 -6.64541
pU6H1[1-500]4H 45ng 0.046 0.044 0.04476281 0.0011723 -6.23055
pU6H1[250-750bp]5A 45ng 0.043 0.044 0.04334506 0.0010805 -6.47499
pU6H1[250-750bp]5B 45ng 0.049 0.057 0.05304551 0.0059398 -4.8025
pU6H1[250-750bp]5F 45ng 0.046 0.046 0.04597244 0.0004377 -6.02199
pU6H1[500-1000bp]6A 45ng 0.048 0.047 0.04750944 0.0005914 -5.75699
pU6H1[500-1000bp]6G 45ng 0.052 0.048 0.04985284 0.003255 -5.35296
pU6H1[1-1000bp]8C 45ng 0.050 0.054 0.05186328 0.0025675 -5.00633
pU6H1[1-1000bp]8Abis 45ng 0.044 0.049 0.0467889 0.0037593 -5.88122
pU6H1[250-1000bp]9A 45ng 0.045 0.047 0.04599986 0.0012422 -6.01727
pU6H1[750-1000bp]10 45ng 0.047 0.055 0.05131025 0.005572 -5.10168
non treated 0.048 0.046 0.04732229 0.0013906 -5.78926
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Figure 9:  MDA-MB-231 cells were transiently transfected with either a 
plasmid encoding c-met long dsRNA or c-met siRNA (Dharmacon) by 
Lipofectamine 2000.  Twenty-four hours after transfection, cells were added 
to a Transwell Chamber in matrigel and the number of cells entering 
matrigel were compared to those transfected with vector alone.  
 
 
 
 

 
The inability to inhibit cell migration/invasion to higher levels is likely due to the inefficiency of 

transfection.  In order to address this problem and to begin to analyze the issue of the robustness of the 
matrigel invasion assay, we have quantified the partitioning of the plasmids expressing long dsRNA between 
the migrated and non-migrated cells using real time PCR.  Standard curves were generated using the plasmids 
encoding c-met and luciferase to quantify actual plasmid levels from isolated cells.  As expected, luciderase 
plasmid was found in relatively similar levels in both the migrating and non-migrating cells, whereas the c-met 
plasmid strongly partitioned with the non-migrating population (Figure 10).  
 

   
   
Figure 10.  MDA-MB-231 cells were transiently transfected with a 
plasmid capable of generating either c-met or luciferase long dsRNA.  
Following a transient transfection, the cells were placed in a 
Transwell chamber containing matrigel and 24 hours later the 
migrated and non-migrated population of cells were isolated.  DNA 
was recovered from each population and the levels of plasmid were 
analyzed using primers derived from the U6 and H1 promoters by 
qPCR using the ABI7700.  
 
 
 
 

 
In total, these experiments present data that demonstrate (1) the ability to produce long dsRNA and 

efficiently silence gene expression when expressed by a plasmid in various cell lines; (2) the lack of interferon 
induction in various cell lines (MD-MBA-231 and PC12) and with various constructs (luciferase, c-met, arc and 
NR1) following transfection and efficient silencing; (3) the ability of a long dsRNA (c-met) to inhibit migration; 
and, (4) the partitioning of this plasmid (c-met) with the non-migrating cells since silencing of c-met would be 
expected to lead to prevention of migration.  These preliminary experiments provide the basis for the following 
proposed studies. 
 
D.  Research Design and Methods/Milestones 
1.  Research Design 

The main focus of this application is the development of a robust functional RNAi technology that can 
be used to identify and validate novel anti-cancer targets, the product of which (the RNAi used to identify the 
target) will eventually become the actual drug.  For the strategy to succeed, an efficient expression system and 
delivery method must be identified such that the resulting large dsRNAs do not induce the stress response 
pathway.  Thus, the first specific aim will focus on developing a system to express long dsRNAs without 
inducing an interferon response.  In addition, the sensitivity of the functional assay will be analyzed.  
 
Aim 1.   Develop stable cell line, expression systems and functional assay for RNAi library evaluation 

 This series of studies will use both luciferase and c-met to study efficiency of silencing for rapid analysis 
(luciferase) and the ability to silence an endogenous gene (c-met).  For the library strategy to be successful, 
each cell will take up a single plasmid.  This will be accomplished using the Flp-In cloning system (Invitrogen).  
A similar strategy using Cre-loxP and siRNA has recently been reported to control expression of the siRNAxcii . 



 

 

A stable Flp line will be generated for use in subsequent experiments ensuring equal plasmid numbers and 
limiting artifacts due to integration.  In addition, various promoters will be analyzed to determine the most 
efficient means of silencing gene expression without inducing the interferon response.  And finally, the cell 
invasion assay will be qualified to ensure the ability to detect and propagate the few cells for which invasion 
have been inhibited. 
 
Create Flp-In plasmids for transfections, transfect and select stable MDA-MB-231 cells  

 Target cell lines will be created by using the Flp-In System (Invitrogen).  Prior to transfection, a dose 
response curve will be carried out to determine the minimal concentration of zeocin required to kill the 
untransfected population of MDA-MB-231 cells.  The cells will then be transfected using Lipofectamine2000 as 
described by the manufacturer’s protocol (Invitrogen) with various concentrations of pFRT/lac zeo.  Two days 
after transfection the cells will be trypsinized and replated at 25% confluence.  After the cells have attached, 
the zeocin will be added at the concentration determined above.  The cells will continue to be grown in media 
containing zeocin until foci form and individual foci will be transferred to a 96-well tissue culture plate.  Recent 
generation of stable FaDu cells has demonstrated that approximately 50% of the selected colonies express the 
desired gene and that there is a distribution of 50% low expressors, 35% mid expressors and 15% high 
expressors.  Thus, to ensure a similar distribution, 96 clones will be analyzed with the expectation that 
approximately 5 clones will be integrated in regions of the genome that allow high levels of expression.  The 
clonal cells will be expanded to greater than 107 cells each at which time genomic DNA will be extracted from 
90% of each individual population, the genomic DNA will be digested with a restriction enzyme that does not 
digest the pFRT/lac zeo, run on a agarose and used for Southern analysis to determine the number of 
integrants by probing with labeled pFRT/lac zeo plasmid.  Clones with single integration sites will be further 
analyzed for maximal expression of β-galactosidase activity, with a minimal level that would result in a 10 fold 
signal to noise ratio, and continued ability to migrate across a collagen membrane to ensure that the site of 
integration did not affect the phenotype under study.  The clone which demonstrates the highest expression 
levels and greatest migration potential will be used for the cloning of the RNAi library.    
 Once host cells are generated, the library can be readily cloned into a single site in the genome.  The 
plasmid provided with the Flp-In system for this purpose contains a CMV promoter.  The use of long dsRNAs 
and rapid library construction precludes the use of hairpins and therefore will require the use of dual promoters 
for simultaneous synthesis of sense and anti-sense strands of RNA.  The optimal expression system will either 
be subcloned into the pcDNA5/FRT plasmid by replacing the CMV- BGH polyadenylation region with the 
U6/H1 cloning region or conversely, the FRT – hygromycin resistance gene can be subcloned into the vector 
selected below, based on the most efficient subcloning strategy available, i.e., convenient restriction sites and 
PCR product generation.  For example, the CMV-BGH fragment can be excised by a double digest with SpeI 
and BanII, blunt-ended with klenow and relegated followed by cloning of the dual promoter construct into the 
BglII site or the ~1,200 base pair FRT-hygromycin region can be cloned by PCR with unique restriction sites 
added to the primers for subsequent subcloning into the vector created below.  Each would produce a vector 
allowing convergent transcription of RNAs and thus formation of dsRNA in vivo, selection of stable clones with 
hygromycin and single recombinants when co-transfected with pOG44 into the host cells.  The stable, singly 
integrated library will then be analyzed for repression of migration and invasion as described below. 
 Given the perception that long dsRNAs will induce the interferon response in mammalian cells, 
essentially all the commercially available vectors, including the pSilencer series (Ambion), the psiSTRIKE 
series (Promega), and the  Block-It vector (Invitrogen) utilize a single promoter, usually U6, and short hairpin 
RNAs.  However, creation of a cDNA library precludes the use of hairpins since the complementary strand can 
not be readily cloned downstream of the hairpin sequence.  Recent studies have successfully used dual, 
convergent polIII promoters to generate siRNAs.  The U6-H1 strategy being employed in this project was used 
to generate a library of siRNAs from known genes to identify novel inhibitors of the NF-κB pathway in HEK and 
HeLa cells65 and a similar plasmid (pHippy) was used to silence both a reporter and endogenous genes in HEK 
cellsxciii.  In addition, dual, convergent U6 promoters were used to silence gene expression in the liver of 
micexciv.  Although silencing was slightly more effective with the shRNA vector when compared to the dual 
promoters, the dual promoters still resulted in a significant (p<0.01) 75% decrease in luciferase expression in 
the liver. These studies clearly demonstrate the feasibility of using dual, convergent promoters.   While these 
studies suggest that either the same polIII promoter90 or different polIII promoters65,89 can be used effectively to 
silence expression, the use of two different types of promoters will be employed in this project to prevent any 
possibility of recombination.  An earlier study has also shown that the use of convergent promoters with siRNA 
can be an effective means of silencing gene expression for sustained periods in cultured cellsxcv and thus the 
use of a similar strategy with long dsRNA should be feasible. A vector has been developed and is described in 



 

 

Section C.  This vector has been used to efficiently silence luciferase, c-met, arc and NR1 and two different cell 
lines (MDA-MB-231 and PC12) without inducing the interferon response.  Adeno- and lenti-viral expression 
vectors represent additional alternatives, for which expertise exists at LSUHSC for their use.  In fact, the lenti-
viral system with the same U6/H1 convergent promoters has also been successfully employed in our 
laboratory to silence arc and NR1 expression in both PC12 cells and primary neurons.   

Silencing will be monitored by using Promega’s luciferase kit and the Rosys Anthos 96-well 
luminometer by plating cells at 104 cells per well and analyzing luciferase activity at 24 hours after transfection, 
and additional times out to two weeks for the time course assay.  In addition, the stress response pathway will 
be assessed as carried out above.  Interferon levels will be monitored by collecting supernatants from 
transfected and control cells at various times after transfection. The supernatants will be analyzed for the 
presence of human interferon alpha, beta and gamma. Interferon-alpha is measured using the human 
interferon-alpha ELISA kit from Endogen (Rockford, IL) according the manufacturer’s directions. Interferon-
beta is measured using the human interferon-beta ELISA kit from RD1 (Flanders, NJ) according to 
manufacturer’s directions. Human interferon-gamma is measured using the interferon-gamma ELISA kit from 
R&D Systems (Minneapolis, MN) according to manufacturer’s directions. The detection of the mRNA encoding 
the human 2',5'-oligoadenylate synthetase locus is performed by reverse transcriptase PCR using the Titan 
One Tube Reverse transcriptase PCR Kit (Roche Biochemicals, Nutley, NJ) according to the manufacturer’s 
directions. Primers and conditions for the p40, p69 and p100 gene were as in Hovnanian et al.xcvi   If activation 
with of this system with the long dsRNA constructs can not be overcome by altering promoters and/or 
transfection techniques, two alternative strategies will be undertaken.  The first will be to generate smaller 
RNAi molecules by digesting with multiple 4 base pair cutters.  This approach has the disadvantage that far 
more cells will need to be screened to obtain complete library representation.  A second approach would be to 
use an siRNA to interferon to knock out this pathway in the MDA-MB231 cells.  Clearly, resulting cells would 
have to be retested for continued metastatic activity.        
 Once parameters have been established concerning the best expression system and transfection 
method for optimal silencing of luciferase without inducing the stress response pathway, additional 
experiments will be carried out to confirm that this method is capable of silencing endogenous gene 
expression.  c-met will be subcloned in 200-400 base pair fragments into the Frt-U6/H1 vector, transfected into 
MDA-MB-231 cells containing the integrated Flp-In site and the number of integrants will be monitored by 
restriction digestion and Southern analysis as described above.  This system should produce single integrants, 
if additional integrants are observed, the amount of traansfected plasmid will be titrated down until only the 
correct integrant is found.  c-met RNA and protein levels will be analyzed by real-time PCR and western 
analysis using c-met antibody (Santa Cruz) and HRP-conjugated secondary antibody.  The specificity of 
silencing will be analyzed by measuring EGFR actin levels by western analysis following transfection of the 
dsRNA for c-met.  The stress response will also be analyzed following silencing of c-met to ensure the 
continued lack of induction in the cell line containing the Flp-In cloning site.  
  
Develop functional assay for cell migration and invasion 

 Prior to setting up the functional screen, it will be necessary to define conditions for optimal cell growth 
and migration.  MDA-MB-231 cells will be plated in serum-free media in a 24-well Transwell culture chambers 
(Costar) with type IV collagen coated membranesxcvii.  The lower chamber will contain 20% fetal bovine serum 
as a chemoattractant.  Non-invasive (NIH3T3) and poorly invasive (MCF7) cells lines will be analyzed in 
parallel as negative controls for invasiveness.  Initially, triplicate cultures of half-log order dilutions from 102 to 
106 cells per well will be plated.  Cells will be recovered by scrubbing with a sterile cotton swab in fresh culture 
media and seeded in 96-well plates.  The number of invasive cells will be quantified using the Cell Titer 96 
Aqueous One Cell Proliferation Assay (Promega).  The above assay is a measure of migration.  To measure 
true invasiveness, matrigel (BD) will be used.  
 Once the appropriate cell densities for the assay have been determined, cells (MDA-MB-231 and 
NIH3T3) will be mixed at different ratios to determine the sensitivity of identifying non-invasive cells. MDA-MB-
231 cells will be treated with doxorubicin as a positive control for inhibition of invasiveness.  In addition, MDA-
MB-231 containing the Flp-In integration site and stably transfected with either c-met or luciferase will be 
analyzed as described in Section C above for segregation of the plasmid to either the migrating or non-
migrating population.  Assuming there are ~100,000 expressed sequences in an MD-MBA-231 and 10 of these 
are involved in invasion, the luciferase silenced cells will be mixed at a 10,000:1 ration with the c-met silenced 
cells and the proportion in the migrating and non-migrating populations will be analyzed.  Ideally, all the 
luciferase containing cells will be in the migrating population while the c-met silenced cells will lose the ability to 
migrate due to the knockdown of c-met and thus will remain in the top, non-migrating chamber.  If, as 



 

 

anticipated, the non-migrating cells still contain a significant proportion (>50%) of luciferase knockdown cells, 
the cells from the upper chamber will be propagated and the assay repeated.  This serial selection will continue 
until the non-migrating population contains at least 50% of cells containing the c-met dsRNA.     
 
Negative Selection for Cell Migration 
 The issue of cells non-migrating even in a cell line that has been selected for high migration is real and 
the above experiments attempt to overcome this issue by continued rounds of selection.  If this proves 
impossible to enrich the non-migrating population significantly, a second strategy based on negative selection 
and subtractive hybridization will be employed.  The premise behind this strategy is that cells that continue to 
migrate across the membrane should contain only dsRNAs that are not involved in migration.  dsRNAs that 
silence important genes necessary for migration will segregate in the top chamber, along with cells that did not 
migrate for reasons other than silencing of important genes.  The plasmids from the non-migrating cells will 
then be used to subtract plasmids from the original library.  Those plasmids that are not subtracted out should 
represent genes involved in migration or lethality.  This process will be repeated until the migrating population 
contains few (<50), if any, integrants.   This strategy is far more complicated but is based on a number of 
standard methodologies.  The flow chart below summarizes this strategy: 
 

 
 The initial library will be created by normalize the RNA (1) by RoTxcviii,xcix.  This normalization will 
decrease the complexity of the library and the number of unique clones that need to be analyzed.  The 
normalized RNA will be used to generate cDNA and restriction digested, as described elsewhere in this 
proposal, to create the dsRNA library.  The library will then be transfected into the Flp-In MDA-MB-231 cells (2) 
and the migration assay will be carried out (3).  Unlike the functional assay described above, this strategy will 
involve isolation and recovery of plasmids from the migrating cells (4).  DNA from the plasmid will be amplified 
by PCR using primers to the U6 and H1 promoters and the amplified DNA will be bound to a column and used 
to subtractc (5) the DNA from denatured plasmids generated in step (2).    The DNA that is not subtracted, ie, 
the flow-through, will be amplified by PCR using U6 and H1 primers, a new library can be created and 
transfected into the MDA-MB-231 Flp-In cell lines (6) and the migration selection process (3) will be repeated.  
The plasmids recovered from the second round of selection will be used to subtract the subtracted library.  This 
should ensure that remaining plasmids are involved in migration.  For example, if the complexity of RNA from 
highly invasive MDA-MB-231 cells is equal to 5,000 unique mRNAs and there are 10 that are critical to 
migration, in the first migration assay, the cells that migrate through the membrane will contain 4,990 different 
plasmids.  The cells that don’t migrate will contain the 10 relevant plasmids and 99% irrelevant plasmids.  
Using the plasmids from the migrating cells to subtract material from the original library will, in an ideal 
situation, allow the 10 relevant genes to flow through (not be subtracted) and these will be used to create a 
second library.  When this second library is transfected, no migrating cells should contain plasmids.  In 

(1) Isolate and Normalize RNA from Highly 
Invasive Cells 

(2) Create cDNA library from Normalized 
RNA and Transfect into Highly Invasive 

Cells 

(3) Carryout Migration Assay in Transwell 
Chamber 

(4) Recover plasmid from Migrating Cells (5) Use Recovered Plasmid for Subtraction 
with Original Library 

(6) Transfect Plasmids Not Subtracted 



 

 

practice, there are likely to be irrelevant plasmids that flow through thus this process will be repeated until 
fewer than 50 non-subtracted clones are found in the migrating population.  Clones from this library will then be 
analyzed for their ability to inhibit migration. 
 Similar to the functional assay, c-met and luciferase will be used to validate this strategy.  A normalized 
library will be created from the MDA-MB-231 cells that express luciferase and levels of luciferase, c-met and 
actin RNA will be monitored before and after normalization (1).  Following selection, luciferase plasmid should 
be found in the migrating population whereas c-met should be found preferentially in the non-migrating 
population (3).  While the original library should have contained a 1:1:1 ratio of luciferase:c-met:actin, the 
subtracted library should be enriched in c-met relative to luciferase or actin. 

 

 Aim 2. Generate dsRNA library from invasive MDA-MB-231 cell line 

 After the recombination sensitive cell line, expression and transfection methods and functional assay 
are developed, the dsRNA library will be generated and used to transfect the MDA-MB-231 cells.  To ensure 
that genes involved in cell invasion are present, the most invasive cells will first be selected and used to obtain 
poly(A)+ RNA.  The resulting cDNA will then be cloned into the appropriate vector and the library will be 
amplified for use in future transfections. 
 
Select population of highly invasive cells from matrigel and isolate poly(A)+ mRNA  

 MDA-MB-231 cells will be plated in matrigel-coated Transwell plates at a cell number determined above 
and invasive cells will be isolated from the gel.  The cells will be grown up in 96-well plates and individual wells 
will be replated in the matrigel-coated Transwell plates.  Cells will be continually selected and replated in the 
matrigel-coated Transwell plates until a population of >99% invasive cells is obtained.  This highly invasive 
clone will be propagated to 108 cells, a small number retested to ensure that they remain highly invasive and 
the rest used to isolate poly(A)+ RNA.  The isolation of poly(A)+ RNA will be carried out using the Poly(A)Purist 
mRNA purification kit (Ambion) according to the manufacturer’s instructions.   The integrity of the RNA will be 
checked by analysis on a formaldehyde gel and northern analysis of c-met.  RNA will be stored in 10-20 μl 
aliquots at -70o until use.    
 
Generate cDNA library using vector and poly(A)+ mRNA from above 

 The poly(A)+ RNA isolated from highly invasive MDA-MB-231 cells will be used to generate cDNA 
using the Universal RiboClone cDNA synthesis system (Promega).  Briefly, first strand cDNA will be generated 
from 2 μg of poly(A)+ RNA using AMV reverse transcriptase.  Second strand synthesis will be primed using 
random oligonucleotides and T4 DNA polymerase.  A small amount of sample will be analyzed on an agarose 
gel for product size and by Southern using c-met.  The high quality cDNA will then be digested with AluI to 
generate ~250 base pair blunt end fragments, a fraction of which will be analyzed by gel electrophoresis and 
Southern analysis as above.  Adaptors will then be ligated to these inserts to facilitate cloning into the Frt-
comtaining plasmid generated above.  EcoRI adaptors are provided with the RiboClone kit and will be used if 
the polylinker contains a unique EcoRI site, however, pcDNA5/Frt contains two sites and thus if this plasmid is 
used to subclone the convergent promoters, an alternate cloning site will be identified.  Adaptors will be 
generated by synthesizing unphosphorylated oligonucleotides (Invitrogen) with the appropriate overhang to 
anneal to the alternate cloning site.  After ligating these to the AluI digested cDNA library, T4 polynucleotide 
kinase will be used with ATP to phosphorylate the inserts and the library will be cloned into the expression 
vector. 
 The library will be transformed into OmniMax bacterial cells (Invitrogen) and grown overnight on agar 
plates containing ampicillin.  The number of individual colonies will be counted to determine the number of 
novel members in the library.  To clone a transcript present at a level of 0.001% of the total mRNA present in 
the cell, 300,000 members would be required to produce 3x coverage of the poly(A)+ population.  Since an 
average cDNA will be digested to six 250 base pair fragments by AluI, 1.8 x 106 members will be needed to 
ensure coverage.  Thus, the poly(A)+ purification, cDNA synthesis, cloning and transformation process will be 
repeated until the library reaches a complexity of 1.8 x 106 individual members.  The colonies will then be 
scraped from the plates and the library amplified overnight in LB broth.  EndoFree Plasmid Giga kits (Qiagen) 
will be used to purify the plasmids for determination of plasmid concentration and subsequent transfection into 
host cells prepared above.   
 
Aim 3. Identify novel anti-invasive targets 



 

 

 
 The goal of this specific aim will be to identify the genes involved in cell migration and/or invasion.  
Following the generation of an RNAi expression library, the library will be transfected into the stable Flp-In 
MDA-MB-231 cells and at the appropriate time post-transfection, cell migration will be analyzed.  Cells which 
are no longer capable of migrating across the membrane will be isolated and the identity of the dsRNA will be 
determined by sequencing.   
 
Transfect library from Aim 2 into stable Flp-In cell lines developed in Aim 1 and select for stable recombinants 

 A population of highly invasive MDA-MB-231 host cells developed above will be co-transfected with the 
RNAi cDNA library (pRNAi) and the pOG44 vector (the vector encoding the recombinase (Invitrogen)).  Prior to 
transfection, this population of cells will be analyzed for hygromycin B sensitivity.  Cells will then be transfected 
by a method determined above with pOG44 and the pcDNA5/Frt vector at 3:1, 6:1, 9:1, 12:1 and 15:1 ratios.  
The number of hygromycin B resistant colonies will be counted and the number of plasmid integrations for 
each population of cells transfected with a particular ratio will be determined.  Based on the design of the Flp-In 
system, it is expected that resistance will only be obtained for those plasmids that integrate at the Flp site, but 
additional integrants are also possible, thus Southern analysis will be carried out to determine the number of 
integrants for each transfection ratio.  The plasmid ratio resulting in the greatest number of single integrants 
will be used for transfection of pRNAi.   
 Following the co-transfection of pOG44 and pRNAi, cells will be maintained in growth media for 48 
hours then split to 25% confluence and media containing hygromycin B at the minimal toxic concentration 
determined above will be added.  Cells will be grown in the presence of hygromycin B until use in the cell 
invasion assay.  Note, individual colonies will not be isolated in growing the cells, rather the population will be 
pooled.    
 
Isolate non-invasive clones by cell invasion assay 

 Prior to transfection of the library, the transfection efficiency will be analyzed by co-transfecting GFP 
subcloned into pcDNA5/Frt with pOG44.  The population will be analyzed 24, 48, 96, 120, 168 and 240 hours 
after transfection to determine the percentage of cells and the levels of expression in the population.  It is 
predicted that at early times, there will be a large distribution of levels of expressed GFP within the population 
since non-integrated plasmids will be expressing GFP and that at later times a more homogenous population 
will be obtained consisting primarily of single integrants at the Flp site.  The earliest time at which a 
homogenous population is detected will be used to carry out the invasion assay.  
 The invasion assay will be carried out essentially as described in Specific Aims 1 and 2, with the 
exception that cells will be isolated from the upper chamber.  These cells represent those in the population 
which are no longer capable of migrating through the membrane.  The cells will be plated at low density, 
individual colonies will be isolated and transferred to 96-well plates and the individual clones will be retested for 
their ability to migrate across the membrane.      
 
Identify sequences from non-invasive clones 

 Genomic DNA from individual clones that are no longer capable of migrating across the membrane will 
be isolated using the DNeasy 96 tissue kit (Qiagen).  Briefly, cells will be cultured in 96-well plates, lysed and 
transferred onto a DNeasy 96-well plate. The genomic DNA selectively binds to the silica-gel membrane while 
contaminants pass through. Following washing, the DNA is eluted in water or low-salt buffer and used for 
analysis of integrated RNAi sequences by PCR. 
 PCR will be carried out with both forward and reverse primers designed by selecting regions of the 
multi cloning site that flank the inserted DNA on an iCycler for 25 cycles.  The presence of an insert will be 
confirmed on an agarose gel.  Clones with inserts will be further analyzed by triple digesting the PCR product 
with HhaI, HpaII, and Sau3AI at 37oC in Multi-Core Buffer (Promega).   The resulting fragments will be 
analyzed on a 12% polyacrylamide gel.  Based on the restriction fragment patterns, clones representing each 
of the different restriction patterns will be sent off for sequencing using the same primers used in the PCR 
amplification.  The sequences will then be compared against those in GeneBank for identification of the genes 
involved in cell migration using Vector NTI 9.     
 



 

 

Test RNAi sequences in MDA-MB-231 for prevention of cell invasion 

 The identification of sequences from non-invasive MDA-MB-231 cells likely are responsible for the 
change in migration of the cell line, however, it is possible that these sequences integrated into an endogenous 
gene important for cell migration, knocking it out and leading to the change in the cells ability to migrate across 
a membrane.  Thus, it will be important to confirm that the isolated sequences are actually responsible for 
inhibition of cell migration.  Since the isolation of the sequences is predicated on their lacking deleterious 
effects on cell growth or viability, the dsRNA sequences are not likely to be toxic. 
 The amplified sequences identified above will be recloned into the same dsRNA expression vector and 
transfected individually into MDA-MB-231 cells.  The ability to inhibit cell migration in the absence of inducing 
the stress response pathway will be monitored as described above.  Once the particular eliRNA has been 
shown to have the desirable activity in the cell, additional sequences from the gene will be cloned into the 
expression vector and compared to the isolated sequence for the level of silencing of the target sequence as 
determined by northern analysis and western analysis when antibodies are commercially available and for their 
ability to inhibit migration and cell invasion with inducing the stress response pathway.  All sequences will then 
be tested for their effects on gene expression using Clontech’s toxicity array.  Briefly, poly(A)+ will be isolated 
from transfected cells and used to prepare radioactively labeled cDNA.  The labeled cDNA will then be used to 
probe the arrays and the pattern will be compared to that of non-transfected cells.  While a Affymetrix chip can 
also be analyzed (a reader is available at the core facility at LSUHSC), it is likely that silencing of a particular 
gene will effect the expression of other genes and it is possible that the silencing of a single gene with two 
different fragments may have different effects on the transcription profile but it is unclear how these 
changes/differences can be used to select which region of a gene to pursue and thus, the toxicity array will be 
used to rank order the different regions based on their induction of genes associated with toxicity. 
 In addition to large dsRNAs, siRNAs against the particular target will also be analyzed.  Pools of 
siRNAs are available for many human genes (Dharmacon) and will be purchased when available, along with 
the individual siRNAs, for each target identified above.  For other genes in which pools are not available, at 
least three siRNAs will be designed using siDESIGN Center (Dharmacon).  The pools and individual molecules 
will be transfected using Oligofectamine (Invitrogen) and effects on the target gene expression will be 
monitored using northern and western analysis at two and five days post-transfection.  The siRNAs that result 
in >70% silencing of the target gene will be further tested for their ability to prevent cell migration without 
inducing the stress response pathway and for their effect on the induction of genes associated with toxicity.   
 The optimal RNAi molecules for each target, as defined by inhibition of target gene expression, ability 
to inhibit MDA-MB-231 cell migration, lack of induction of genes associated with toxicity and lack of induction of 
the stress response pathway, will be tested alone and in combination with RNAi molecules targeting other 
genes for effects on invasion as measured in the matrigel assay.      



 

 

2.  Milestones    
 
The completion of this project will be carried out as follows: 
 

Year 1 Year 2 Specific Aim: 
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

Develop stable cell line, expression systems and functional assay for RNAi library 
evaluation 

        

1.a.  Create Flp-In plasmids for transfections, transfect and select stable MDA-MB-231 
cells 

        

1.b.  Develop functional assay for cell invasion         
1.c.   Develop negative selection strategy         

Generate dsRNA library from invasive MDA-MB-231 cell line         

2.a.   Select population of highly invasive cells from matrigel and isolate poly(A)+ 
mRNA 

        

2.b. Generate cDNA library using vector and poly(A)+ mRNA from above         
Identify novel anti-invasive targets         
3.a.  Transfect library into stable Flp-In cell lines developed & select for stable 
recombinants 

        

3.b.   Isolate non-invasive clones by cell invasion assay         
3.c.   Identify sequences from non-invasive clone         
3.d.  Test RNAi sequences in MDA-MB-231 for prevention of cell invasion         
 
Specific milestones for each part of the project are as follows: 
 
1.a. An established cell line containing an integrated Flip-in site will be propagated and analyzed.  The clonal 

isolate expressing the highest level of β-gal at least 10 fold over assay noise, at a single integration site, 
and retaining the ability to migrate equal to the parental cell line, as determined by the % of cells capable 
of cell migration across the membrane, will be chosen for future cloning work. 

1.b. The promoter system described will be analyzed first for their ability to silence a reporter gene and then 
for their ability to silence an endogenous gene.  Maximal silencing of gene expression, at least to a level 
of 75% inhibition, will be used as a criteria for selecting the promoter.  This aim has been achieved and 
has been replaced with a new Aim 1c. 

1.b. Demonstration that a cell invasion assay can be established such that the percentage of MDA-MB-231 
cells in a mixed population with NIH3T3 cells can be identified and that non-migrating cells contain less 
than 50% of an irrelevant sequence (luciferase) when compared to a relevant sequence (c-met)..   

1c. Demonstrate the negative selection strategy can enrich in plasmids that have been subtracted from 
plasmids obtained from migrating cells such that fewer than 50 irrelevant plasmids remain in the 
subtracted library. 

2.a. MDA-MB-231 isolates will be identified by continued selection that result in >99% migration across the 
membrane. 

2.b. A cDNA library of 1.8 x 106 members will be generated from highly invasive MDA-MB-231 cellular mRNA. 
3.a. Determine the number of single integrants and the % of cells transfected to identify the optimal ratio of 

library to recombinase plasmid to be used for transfections.  Transfect the library and select the stable 
population with hygromycin  B.  Pool the population of cells such that the final population represents at 
least 3 million single integrants, as predicted by transfection efficiency. 

3.b. Obtain at least 100 individual clones which can no longer migrate across the membrane by isolating non-
invasive cells and growing colonies. 

3.c. Use PCR to amplify sequences, obtain sequence information on at least 20 clones. 
3.d. Using purified sequence to generate dsRNA, show that >70% of the target gene expression is inhibited 

and that the dsRNA is capable of inhibiting cell invasion by at least 70%. 

Expected Critical Milestones: The concept under which this project is being initiated is that by creating a 
library of dsRNA molecules derived from a highly invasive breast cancer 
cell line, novel anti-invasive targets can be both identified and validated 
with the long-term intent of using these as targets for therapeutic 
intervention, perhaps through the use of the same dsRNA molecules 
used in their identification.. 

  



 

 

Deliverables, Milestone 1:   A vector system which can be used to generate dsRNA libraries for    
         evaluation of functional targets.  This milestone has been achieved. 

Deliverables, Milestone 2:   A dsRNA library from a breast cancer cell line that can be used to  
        analyze other functionally important cancer phenotypes. 

Deliverables, Milestone 3:   Novel, validated therapeutics targets for the prevention of breast  
        cancer cell invasion. 

  
The first deliverable, the creation of an expression system, should be fully validated by the 3rd quarter of 

the first year.  By developing a plasmid based system for expression of long dsRNA without induction of the 
interferon stress response pathway, a tool will be made available to efficiently silence gene expression.  The 
use of long dsRNAs have been demonstrated to be more efficient at silencing gene expression in other 
systems and in preliminary experiments and the continued expression via convergent promoters will allow for 
long term analysis of gene function.  The keys to successful completion of this milestone will be demonstrating 
effective silencing, lack of off-target effects and lack of induction of the stress response pathway. 

The second important technology being developed in this project is the actual dsRNA library, which will 
be generated from cDNA made from the cell of interest, in this case, a highly invasive breast cancer cell.  To 
completely validate this approach, sequences will need to be isolated and used to prove that they in fact led to 
the phenotypic change under study.  Thus, the large dsRNA library validation will be completed during the 2nd 
half of year 2.  Once fully validated, the use of such libraries will have broad applications, not only in cancer but 
for target identification and validation in a number of other diseases.  For example, the receptor to a toxic 
ligand could be isolated by creating a dsRNA library from the cells expressing the receptor and transfecting 
these same cells with the dsRNA library, treating the transfected cells with the toxin and then isolating those 
cells which survive.  This would be a tremendous advantage over transfecting a cDNA expression library from 
sensitive cells into resistant cells and looking for susceptibility to the ligand, i.e. cell death. 

The final milestone, and perhaps most important from a therapeutic standpoint, will be the full validation 
of the target.  This will involve optimizing the dsRNA, including analyzing actions of siRNAs derived from the 
same target, and carefully monitoring the stress response pathway and the induction of other genes associated 
with apoptosis and cell toxicity.  The completion of the task by the end of year 2 will provide reagents 
necessary for initiation of drug discovery and preclinical development, with the long-term goal of developing a 
new class of anti-cancer drugs. 
 
E.  Human Subjects 
Not Applicable. 
 
F.  Vertebrate Animals 
Not Applicable 
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